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ABSTRACT 
 
 Methanotrophs, also called aerobic methane oxidizing bacteria (AMOB), are a group 
of bacteria that use methane as their sole source of carbon and energy. AMOB share a 
general pathway for the metabolism of methane to carbon dioxide. The first step in AMOB 
metabolism is the oxidation of methane to methanol. The enzyme methane monooxygenase 
is responsible for the first step in methane metabolism. Methanotrophs have a large demand 
for copper and have been shown to produce an extracellular copper binding compound (cbc) 
now termed methanobactin (mb). 
 Methanobactin is a small, <1200 Da, post-translationally modified protein excreted 
by bacteria for the purpose of scavenging copper from the environment. To date 5 
methanobactins have been structurally characterized. This dissertation examines the binding 
properties of the structurally unique methanobactin from the facultative methanotroph 
Methylocystis strain SB2 (mb-SB2). The first part of the dissertation focuses on the isolation 
procedures for acquiring metal free methanobactin. 
 The second part of the dissertation presents evidence that less structurally complex 
forms of methanobactin have similar copper binding properties to previously isolated forms 
of methanobactin. Mb-SB2 is shown to have transition metal binding properties that areM 
similar to those found in the complex form of mb from Methylosinus trichosporium OB3b 
(mb-OB3b). Attention is given to the ability of mb-SB2 to form gold nanoparticles.  
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CHAPTER 1:  
GENERAL INTRODUCTION 
 
Introduction 
 
Methane Oxidizing Bacteria (MOB) 
 
 Methane (CH4) is an important part of the global carbon cycle and produced from 
a variety of natural and anthropogenic sources. These sources include; wetlands, rice 
paddies, lakes and oceans, soils landfills, termites and many others. One of the largest 
stores of global methane involves methane hydrates, methane held within the rigid cages 
of frozen water molecules. Currently there is ~3x1018 grams of CH4 trapped in these 
hydrates [1,2]. Methane is the most abundant organic gas in the atmosphere with a 
current carbon dioxide to methane (CO2:CH4) ratio of ~27:1 CO2:CH4 ratio and predicted 
to move closer to 7.5:1 over the next hundred years.  As a result methane has recently 
surpassed carbon dioxide as the most, important greenhouse gases. The basic reason 
methane has surpassed carbon dioxide as the primary green house gas is that methane 
absorbs and reemits terrestrial radiation better than carbon dioxide and is thus estimated 
to contribute to global climate change about 35 times as much as carbon dioxide, on a 
mole to mole basis. On a mole to mole basis this number will increase over time as 
methane residence time in the atmosphere is much longer than carbon dioxide.  
Methane is produced during the decomposition of biomass and atmospheric 
methane would be much higher and would put a strain on bioavailable carbon without a 
way to metabolize methane. Fortunately, several groups of bacteria have developed the 
biochemical capacity to oxidize methane to carbon dioxide and cell biomass.  The best 
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studied group of methane oxidizing bacteria are classified as methylotrophs, organisms 
that utilizes one carbon (C1) compounds as a source of carbon for growth and energy and 
methanotrophs, also called aerobic methane oxidizing bacteria (AMOB) [1,3]. 
Methanotrophs are a distributed in the alpha and gamma proteobacteria as well as 
Verrucomicrobium  however, despite the phylogentic diversity, the general pathway for 
metabolism of CH4 to CO2 are similar figure 1 [1,3,4]. Methanotrophs were initially 
grouped into one of three possible sets, Type I, II, and X. The structure of the 
intracytoplasmic membranes, the method of carbon assimilation, and the length of 
predominant phospholipid fatty acids (PLFA) differentiate the types of methanotroph.  
The type I methanotrophs have intracytoplasmic membranes arranged as bundles of disc-
shaped vesicles formed by invaginations of the cytoplasmic membrane, utilize the 
ribulose monophosphate (RuMP) pathway for carbon assimilation, and have PLFA of 14 
and 16 carbons in length. Type II have intracytoplasmic membranes that run along the 
periphery of the cell, utilize the serine pathway for carbon assimilation, and have PLFA 
of 18 carbons in length. Type X shares traits with both type I and II and has been 
reclassified as a subset of type I [1,3,4]. Methanotrophs are now classified as either α-
proteobacteria or γ-proteobacteria based on 16S rRNA gene sequence. Type I have been 
grouped in γ-proteobacteria and Type II grouped in α-proteobacteria. 
 
Oxidation of Methane 
The C-H bond of methane is very unreactive, with a bond energy of 104 kcal per 
mole [2,5,6]. The chemical synthesis of methanol from methane is a multistage process 
that requires a catalyst. This net process, shown in figure 2, is endergonic with a net ∆Hº 
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= +27.6 kcal/mole [2,6]. Thus, methanotrophs need an efficient way to convert methane 
into a more usable chemical, methanol. This first step in methane oxidation uses a unique 
enzyme, methane monooxygenase (MMO). Methanotrophs are able to process this 
reaction in a controlled manner at temperatures as low as 4ºC, which is in stark contrast 
to the 700-900ºC required for the chemical synthesis of methanol from methane. There 
are two types of MMO, a soluble cytoplasmic methane monooxygenase (sMMO) and the 
membrane-associated or particulate methane monooxygenase (pMMO) [1-5]. The sMMO 
is a three subunit protein arranged as a dimer. The active site of the sMMO is a a µ-oxo-
bridged diiron center that uses NADH as a reductant [7]. The number of methanotrophs 
that express the sMMO is small. Virtually all methanotrophs express the pMMO and 
some express both the sMMO and pMMO. The methanotrophs that can express both have 
the expression regulated by copper. At a low copper to biomass ratio the sMMO is 
expressed and at a higher copper to biomass ratio the pMMO is expressed [8]. In 
Methylosinus trichosporium OB3b The switchover from sMMO to pMMO happens at a 
copper to biomass ratios above 1.5 nmol Cu•mg protein-1 during growth.  
The consensus among laboratories working in the area is that pMMO is a copper-
containing enzyme composed of three subunits; a ~45 kDa α subunit (pmoB), 26 kDa β 
subunit (pmoA), 23 kDa γ subunit (pmoC). The crystalagraphic and electron microscope 
data show that pMMO from M. capsulatus Bath and M. trichosporium OB3b are both 
trimers (αβγ)3 [9-12]. The crystal data shows two metal-binding sites in each αβγ 
monomer. The pMMO from M. capsulatus Bath has a third, mononuclear copper, metal 
binding site, but since sequence and crystal structure data show that it is not well 
conserved it is unlikely to be the active site. The first metal-binding site, modeled as 
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either a mononuclear or dinuclear copper site, is located outside the membrane in the α 
subunit (pmoB) near the membrane-periplasm interface. The second metal-binding site is 
located in the membrane, coordinated by both the β subunit (pmoA), and the γ subunit 
(pmoC). It has been detected with zinc and copper in the M. capsulatus Bath and M. 
trichosporium OB3b pMMOs, respectively. The metal associated at this site is related to 
the metal in the crystallization buffer. The pMMO used in the crystal structure 
determination showed little, less than 0.001% of the physiological rate, to no activity, 
giving rise to the theory that this site might be much more labile than the other sites and 
could therefore possibly be occupied by another metal in vivo [4]. The active site in the 
sMMO is coordinated by residues from α-helices [7]. The labile metal-binding site in the 
pMMO is coordinated by α-helices from the γ-subunit and a loop that is part of the β-
subunit [9]. The coordinating residue from the β-subunit loop is likely the reason that the 
pMMO active site is not as stable as the sMMO active site. There are several conserved 
amino acids in this site and these residues are conserved in all known pMMO sequences. 
The coordinating residues in this site (a combination of carboxylate containing residues 
and histidines) are also remarkably similar to the coordinating residues in the sMMO 
involved in the coordination of the diiron center (Fig. 3). Mössbauer, electron 
paramagnetic resonance (EPR) and crystalagraphic studies have shown that the sMMO 
active site is a diiron center located in a hydrophobic pocket [7,13,14]. Currently, there 
are four proposed models for the composition of the pMMO active site. These models 
can be broken into two categories, copper only pMMO and copper, iron pMMO. The 
Rosenzweig and Chan labs have each proposed a copper only model of pMMO, while the 
Dalton and DiSpirito labs have proposed copper and iron containing pMMO models. The 
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models with an iron containing active site show much greater activity than models 
without. It has also been shown that a small molecule is associated with the membrane 
fraction and that more than 75% of membrane-associated copper was associated with mb 
[15]. 
 
Methanobactin 
Iron is an essential metal for nearly all plants, animals and microorganisms. Due 
to this need for iron many plants and microorganisms have developed a system for iron 
accumulation. A common system for iron accumulation is the production of siderophores, 
low molecular weight compounds with a high affinity for iron(III). Methanotrophs have a 
large demand for copper. In order to meet this need they have developed a similar system 
for accumulating copper instead of iron. Many methanotrophs have been shown to 
produce an extracellular copper binding compound (cbc), now termed methanobactin 
(mb) [15,16]. Methanobactins form a new category of small molecules classified as 
chalkophores. Methanobactin has been found associated with the pMMO. The electron 
paramagnetic resonance (EPR) spectra for the purified, active pMMO shows a similar 
signal. More than 70% of the copper found bound to mb is Cu(I), an EPR silent form of 
copper. The removal of mb from the pMMO irreversibly eliminates pMMO activity [17]. 
Active pMMO shows an increase in activity with the addition of copper bound mb [18]. 
Mb appeared to not only be necessary for activity, but also enhances it, suggesting that 
mb is a pivotal part of methane metabolism (note: mb mutants in Mc still produce active 
pMMO). 
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Methanobactin uses a novel sulfur and nitrogen coordination system to bind 
copper[16] (Fig. 4). Methanobactins have a remarkable ability to bind copper, showing 
binding constants as high as 3.3 x 1034 ± 3.0 x 1011 M-1 [19]. The binding constant of 
methanobactin is greater than other known copper chelators, and likely gives the 
methanotrophs that produce it a competitive advantage in copper aquisition. To date the 
structure of methanobactins from 5 different bacteria have been characterized, 
Methylosinus trichosporium OB3b (mb-OB3b), Methylocystis hirsute CSC1 (mb-CSC1), 
Metylocystis rosea (mb-rosea), Methylocystis strain M (mb-M) and Methylocystis strain 
SB2 (mb-SB2) [16,20-22](Fig. 4). It should be noted that all of the structurally 
characterized methanobactins are from α-proteobacteria [1,3,23]. Mb from α-
proteobacteria show much higher copper binding constants than their γ-proteobacteria 
conounterparts, in some cases as much as 29 orders of magnitude [19,22,24]. The 
structurally characterized methanobactins share a common motif of an oxazolone ring 
separated by 2-5 amino acids from a second ring that is either an oxazolone, 
pyrazinedione, or a imidazolone ring. Each ring also has an associated enethiol group. 
The most studied mb, mb from Methylosinus trichosporium OB3b, is far more complex 
than the mb from the Methylocystis strains. The mb-OB3b has a disulfide bridge and 
several redox active residues, Cys, Tyr, and Met. The structure of the Methylocystis 
strains is in stark contrast with the structure of mb-OB3b. Methylocystis strains although 
they possess two different rings, an oxazolone and either a pyrazinedione or imidazolone, 
separated by 2 or 3 amino acids (Ala, Ser). Mb-OB3b, mb-CSC1, mb-rosea, and mb-M 
have all been shown to bind copper with a high affinity, greater than 2.0 x 1019 [19,22]. 
Methanobactin from Methylosinus trichosporium OB3b (mb-OB3b) has been shown to 
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bind various transition metals, other than Cu, that include; Fe(III), Ni(II), Zn(II), Au(III), 
Ag(I), Pb(II), Mn(II), Cd(II), Co(II), Hg(II), and U(IV) [16,17,unpublished data]. 
Exposure of mb-OB3b to Cu displaces all metals except Au(III), Pt(II), Pb(II), Ag(I), and 
Hg(II) (18). Mb-OB3b has the ability to reduce two atoms of Cu(II) to Cu(I) as well as 
two atoms of Au(III), Hg(II) to Au(0) and Hg(0) [19]. 
Mb-OB3b, mb-CSC1, mb-rosea, and mb-M have been shown to have high 
affinity for copper. Due the ease of purifying mb-OB3b it has essentially become the 
model for mb despite its structural complexity compared to other structurally 
characterized mbs. The ability of mb to bind other metals has only been studied in the 
most complex mb, mb-OB3b. This dissertation presents the spectral and thermodynamic 
copper binding properties of the structurally unique mb from facultative methanotroph 
Methylocystis strain SB2 [16,20,21,25]. Mb-SB2 differs from all other structurally 
characterized mb from Methylocystis strains in the fact that the pyrazinedione ring has 
been replaced with an imidazolone ring. The focus of this study is to examine the metal 
binding properties of mb-SB2 and to compare these properties to mb-OB3b.. 
 
Dissertation Organization 
 The second chapter describes the purification procedure for methanobactin from 
Methylocystis strain SB2 and to maximize growth for methanobactin production.  This 
work was published in Methods in Enzymology. This chapter describes the traditional 
isolation from the spent media method, and the newer high throughput method.  
 Chapter 3 presents the copper binding properties of methanobactin from 
Methylocystis strain SB2. This work was published in the Journal of Inorganic 
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Biochemistry. In this chapter, I performed cell cultivation, isolation and purification of 
methanobactin, quantification of methanobactin production, isothermal titration 
calorimetry (ITC), displacement isothermal titration calorimetry (DITC), fluorescence 
emission spectroscopy, and hydrolyzed mb-SB2 sample UV-visible and fluorescence 
spectroscopy. Dr. Alan DiSpirito performed high affinity copper chelator competition 
experiments. 
 Chapter 4 presents the Au(III) binding properties of methanobactin from 
Methylocystis strain SB2 with attention given to the ability to form small diameter 
nanoparticles. I did the cell cultivation, mb isolation and purification, isothermal titration 
calorimetry (ITC), UV-visible absorption spectroscopy and gold nanoparticle production 
for transmission electron microscopy (TEM) analysis. Brittani Freesmeier and myself 
performed the fluorescence emission spectroscopy. Bipin Baral was responsible for the 
circular dichroism (CD) measurements and stopped flow kinetic measurements. Erik 
Turbin was responsible for the metal displacement experiments. 
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Figure 1: Pathway of carbon assimilation in methanotrophs 
 
Figure 2: Process for chemical synthesis of methane 
 
Figure 3: Comparison of the crystal structures of the proposed active sites of pMMO 
from M. capsulatus Bath and M. trichosporium OB3b with the active site of the sMMO 
from M. trichosporium OB3b (Semrau et al. FEMS Microbiol Rev 2010) 
 
Figure 4: The structure of methanobactin from (A) Methylosinus trichosporium OB3b (B) 
Methylocystis strain M, (C) Methylocystis hirsute CSC1 (D) Methylocystis rosea (E) 
Methylocystis strain SB2 
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CHAPTER 2:  
ISOLATION OF METHANOBACTIN FROM THE SPENT 
MEDIA OF METHANE-OXIDIZING BACTERIA 
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Abstract 
 Chalkophores are low molecular mass modified peptides involved in copper 
acquisition in methane-oxidizing bacteria (MOB). A screening method for the detection 
of this copper-binding molecule has been described by Yoon et al (Yoon et al., 2011). 
Here we describe methods to (1) maximize expression and secretion of chalkophores, (2) 
concentrate chalkophores from the spent media of MOB, and (3) purify chalkophores. 
 
Introduction 
 Chalkophores (Greek term for copper bearer or copper carrier) are a group of 
small molecular mass modified peptides secreted by methane-oxidizing bacteria (MOB) 
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in response to copper deficiencies (Semrau et al., 2010). Currently, methanobactin (mb) 
from MOB is the only characterized molecule of this class of metal-binding 
chromopeptides. Methanobactin shows a number of structural similarities to amino acid-
containing pyroverdin class of iron-binding siderophores (Ongena et al., 2001; Vossen 
and Taraz, 1999). Like pyroverdins, methanobactins are composed of 8-11 amino acids 
plus additional non-amino acid constituents. One distinguishing structural characteristic 
of methanobactins is the presence of two five-membered rings with an associated enethiol 
that is involved in metal coordination (Behling et al., 2008; Kim et al., 2004). This five-
membered ring has been found to be either an oxazolone or an imidazolone depending on 
the mb characterized to date (Behling et al., 2008; Krentz et al., 2010). Other properties 
distinguishing chalkophores from iron-binding siderophores include (1) the preferential 
binding of copper over iron and other metals (Choi et al., 2006a), (2) the variety of 
metals bound by chalkophores (Choi et al., 2006b), and (3) copper displacement of iron 
and most other metals (Choi et al., 2006b). Similar to siderophores, which are produced 
in response to iron limitations, chalkophores are excreted by MOB in response to copper 
limitations (Choi et al., 2010). Yoon et al. presented a modification of the chromo azurol 
S (CAS) assay that can be used to identify and distinguish chalkophores from 
siderophores (Yoon et al., 2011). This chapter focuses on methods to maximize 
chalkophore concentrations in the extracellular fraction and methods to purify this 
molecule from the spent medium of different MOB. 
 
Isolation of Methanobactin from the spent media of MOB 
 
The Following discussion is based on the isolation of mb from four different 
MOB, two capable of expressing both the soluble methane monooxygenase (sMMO) and 
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membrane-associated or particulate methane monooxygenase (pMMO), Methylosinus 
trichosporium OB3b and Methylococcus capsulatus Bath, and two MOB which do not 
have the genes for the sMMO and consitutively express the pMMO, Methylobacterium 
album BG8 and Methylocystis strain SB2. 
 
Maximizing yields in the spent media 
 Copper-bound methanobactin (Cu-mb) can be isolated from whole cells, the 
washed membrane fraction of MOB expressing the pMMO or from the spent media 
(Zahn and DiSpirito, 1996). Isolation of mb from whole cells or from the washed 
membrane fraction requires an organic extraction with 100% N, N’-dimethylformamide 
(DMF) followed by chromatography on silica gel column and HPLC chromatography 
and is generally not recommended for a number of reasons. For example, the DMF 
extraction will solubilize a number of membrane components, which complicates 
purification. In addition, sample loss due to additional purification steps as well as 
sample breakdown is problematic. Last, when isolated from whole cells or washed 
membrane fraction, Cu-mb is the sole product, which requires extensive dialysis against 
Na-ethylene diamine tetraacetate to remove the majority (75-90%) of the bound copper. 
This procedure also results in an mb sample with altered copper-binding properties (Choi 
et al., 2006a,b; Kim et al., 2005). 
 Thus, extraction from the spent media is recommended. In addition to avoiding 
the problems stated above, purification from the spent media is comparatively simple and 
the primary product is copper-free mb. The first and by far most time comsuming step in 
purification of mb from the extracellular fraction of MOB is to maximize yields in the 
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extracellular fraction. Copper concentration in the culture media is the only variable 
identified to date that influences excretion of mb (Choi et al., 2006a,b, 2008, 2010; Zahn 
and DiSpirito, 1996). As shown in Fig. 1, copper has a dramatic effect on the 
extracellular concentration of mb. In MOB capable of expressing both forms of the 
methane monooxygenase, the highest concentrations of mb in the spent media have been 
found to occur when the initial copper concentration is too low (Choi et al., 2006a,b, 
2010). Surprisingly, a similar trend is also observed in MOB only capable of expressing 
the pMMO, where the highest concentrations of mb in the spent media are observed in 
cells cultured in media containing low (i.e., less than 1 µM Cu) amended copper (Bandow 
et al., unpublished results; Choi et al., 2010). 
 
Separation of mb from whole cells 
Method 1: Centrifugation and filtration 
 Initially, mb is separated from whole cells via the following procedure (DiSpirito 
et al., 1998; Zahn and DiSpirito, 1996). This method is very labor intensive, but can be 
used in the absence of a tangential flow or hollow fiber filtration system required in 
method 2. 
1. Cells are centrifuged at 10,000xg for 20 minutes at 4˚C to pellet cells. 
2. The supernatant is decanted into a flask or centrifuge bottle and centrifuged a 
second time at 10,000xg for 20 minutes at 4˚C. 
3. The supernatant is then filtered through a 0.2 µm membrane filter (Gelman 
Sciences, Inc., Ann Arbor, MI, USA) to remove any residual suspended solids. 
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Method 2: Tangential flow or hollow fiber filtration 
 Methanobactin is separated from cells in the culture medium directly using a 
tangential flow or other forms of continuous filtration system. For example, we use a 
Centramate™ PE tangential flow filtration system (Pall Corporation, Framingham, MA, 
USA) containing either a OS010C10 Centramate 10,00 Da or a OS030C10 Centramate 
30,000 Da molecular mass filter cassette (Choi et al., 2010). The key to using these 
systems is the use of molecular mass filter and not the 0.2 or 0.45 µM pore sized 
microbial filters. The microbial filters are designed to filter out low concentrations of 
cells and clog rapidly when separating high-density cell cultures. The molecular mass 
filters do not have this problem since the pore size is too small to trap cells and clogging 
is avoided. An additional value in using the smallest pore size possible is the elimination 
of higher molecular mass material present in cell cultures due to excretion and/or cell 
lyses. Last, even a small-scale tangential flow filtration system can filter 50-1000 
mL/min. 
 
Concentration of mb from spent media 
 Although the mb concentrations in the spent media can be quite high (Fig. 1), the 
sample requires concentration before additional purification steps are undertaken unless 
one has access to a high-throughput HPLC system. Initial efforts to concentrate mb was 
by lyophilizing the spent media (Zahn and DiSpirito, 1996). However, lyophilization also 
concentrates media salts and other trace contaminants, which can cause problems in 
subsequent purification steps. 
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Method 1: Sep-Pak columns 
 If the sample volume is small, the filtrate from either method 1 or 2 can be loaded 
onto reversed-phase C18 solid-phase extraction (SPE) Sep-Pak cartridges (Waters Corp., 
Milford, MA, USA). Prior to loading, the cartridges should be conditioned sequentially 
with 3 mL methanol, 3 mL 60% acetonitrile, 3 mL methanol, and then 6 mL H2O. The 
sample can then be added via a syringe or a syringe coupled to a peristaltic pump until a 
brown band accumulated at the frontend of the cartridge (Sulpeco, Bellefonta, PA, USA; 
Choi et al., 2003; DiSpirito et al., 1998). The bound material is then washed three times 
with 6 mL H2O and the sample eluted with 60% acetonitrile. The eluent is then frozen by 
dropping into liquid nitrogen and lyophilized for mb concentration and removal of 
acetonitrile. Freezing mb by direct addition into liquid nitrogen results in frozen pellets 
and following freeze-drying cycle results in a yellow to orange powder depending on 
sample and metal composition. 
 
Method 2: Dianion HP-20 
 For larger samples it is recommended that the sample be loaded on Dianion HP-
20 column (Sulpeco, Bellefonta, PA, USA). Since the sample will be eluted with 
solvents, the column used should be solvent reistant. In this case, an old-fashioned glass 
column with a frit bottom is appropriate (Fig. 2). Solvent resistant commercial columns 
are available from most column supply companies, however, they are not necessary since 
the primary objective is to concentrate mb from the spent media and remove residual salts 
and the more aqueous components in the spent media. However, it should be noted that if 
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done correctly this simple chromatography step can result in samples that are over 95% 
mb and the contaminants are often breakdown products of mb (Choi et al., 2006a,b). 
 Dianion HP-20 from the manufacturer should first be activated with methanol for 
15 minutes followed by extensive H2O washes as described on the product directions 
sheet and the column poured. If not used immediately, the column can be stored in 60% 
acetonitrile. Dianion HP-20 can also be stored in the column in 60% acetonitrile at room 
temperature if the column is capped. Before use, the resin should be washed with 5-10 
column volumes of H2O. If a peristaltic pump is used to drain the column, fast flow rates 
can be used without damage to the resin (Fig. 2). We typically use a 7 x 60 cm column 
with a bed volume of 7 x 20 cm and have used flow rates of 200 mL/min during loading 
and washing. Following column washing in H2O, the sample is loaded and eluted as 
follows: 
1. Drain the column to the solvent resin interface. 
2. Add spent media, slowly so as to avoid disturbing the resin bed. 
3. Column flow rates can be increased once the sample volume accumulates 10-30 
cm above the resin bed. At this point, flow rates can be increased to over 100 
mL/min. 
4. Following sample loading, drain column to the solvent resin interface and then 
add H2O as described in steps 1-3. Wash the sample with three to five column 
volumes of H2O and leave two to three bed volumes of H2O in the column. 
5. Slowly add 60% acetonitrile, 1-3 mL/min, so as not to disturb the H2O-60% 
acetonitrile interface. The objective is to maintain a defined interface between the 
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two solvents (Fig. 3A). Once the desired interface is set, flow rates can be 
increased. 
6. When the 60% acetonitrile fraction meets the resin solvent interface, slow flow 
rates to maintain a discrete interface (Fig. 3B). If the flow rate is maintained at a 
rate slow enough to maintain a tight colored band, for example, 3-8 mL/min, 
bubble formation will occur behind the eluting mb and the volume of the eluting 
mb can be kept to a minimum (Fig. 3C). 
7.  The eluted sample is then frozen in liquid nitrogen and freeze-dried as described 
earlier. 
8. Figure 2 shows a diagram of how we couple the tangential flow filtration 
described previously with sample collection on Dianion HP-20 column. Coupling 
the two procedures we can extract mb from 10 to 20 L of culture media and start 
the freeze-drying of the sample in less than 4 hours. 
 
Purification of mb 
 Depending on the MOB mb is being extracted from, the sample or the culture 
conditions, additional purification of mb may be necessary. Sample purity should be 
checked to determine if additional purification is necessary, as previous studies have 
shown that this can generate a variety of breakdown products unless mb is complexed 
with Cu (Kim et al., 2005). If additional purification is necessary, reverse-phase HPLC 
chromatography (e.g., Vydac 218 TP1010 (C18) column or Hamilton PRP-3) is 
suppested. Freeze-dried mb is resuspended in H2O, loaded, and the samples eluted with a 
H2O:methanol gradient containing 0.001% acetic acid. 
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 The HPLC  chromatography step described above can improve sample purity of 
copper containing mb (Cu-mb). However, we have had very little success with the further 
purification of metal-free mb-OB3b because of the chemical instability of the oxazolone 
rings. Even concentrations of acetic acid as low as 0.001% result in the breakdown of the 
oxazolone B-ring during an HPLC chromatography. We have substituted 1 mM NH4-
acetate in place of acetic acid but have still not improved on the purity of the metal-free 
material from the Dianion HP-20 column. 
 
Sample variability 
 An electrospray ionization time-of-flight (ESI-TOF) mass spectrum of the mb 
sample from Fig. 4 in the negative ion mode is shown in Fig. 4 (top). In addition to the 
expected [M+Cu+-3H+]2- species at 607.04 and the [M+Cu+-2H+]1 species at 1215.09, a -
2 ion peak at 510.62 and a corresponding -1 ion peak at 1084.05 are also observed and 
have a calculated mass for M that is expected for an mb that is missing its C-terminal 
methionine (Met7). Figure 4 shows that both forms of mb can bind Cu ions. The two 
forms can be separated by loading on a reverse-phase HPLC column and eluting with an 
H2O:methanol gradient containing 0.1% acetic acid (Fig. 5). ESI-TOF analysis of the two 
fractions obtained shows the Cu-bound mb that is missing its Met7 elutes first (Fig. 4, 
middle), followed by the Cu-bound full-length mb (Fig. 4, bottom). Proton NMR 
experiments can be used to estimate the ratio of the two forms present in a particular 
preparation of mb. The ratio of the two forms present in a particular preparation of mb. 
The ratio for the Lot B sample shown in Figs. 4 and 5 represents the preparation showing 
the highest percentage of Cu-mb minus Met7 observed so far and is shown to demonstrate 
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that more than one form of mb can be present in mb samples. The two forms of mb, mb 
and mb minus Met7, show slightly different spectral properties, which are reflected by the 
ratio of the absorption at 340 and 390 nm for the metal-free mb. This ratio can be used to 
estimate the percentage of each species (Fig 6). At this time, we cannot predict whether 
the presence of multiple forms of mb is unique to the mb from M. trichosporium OB3b or 
is a common phenomenon. 
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Figure 1. RT-PCR of  pmoA (A) and extracellular concentration of mb (B) from M. 
trichosporium OB3b cultured in media containing initial amended copper concentrations 
of 0.03, 0.2, 0.4, 0.7, 1.0, 3.0, 5.0 and 10.0 µM. The fermentor was run as a batch reactor, 
with 80% of the media replaced every 48 hours. Open symbols designate cells expressing 
the sMMO and closed symbols for cells expressing the pMMO. (C) Spent media from 
cells cultured in NMS media amended with 0.7 µM CuSO4 (note: yellow color from mb). 
(D) Spent media from cells cultured in NMS media amended with 10 µM CuSO4 (note: 
loss of color). 
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Figure 2. Schematic diagram of coupled tangential flow filtration of culture media and 
harvesting of mb from the spent media. X designates peristaltic pump. 
 
 
 
Figure 3. Dianion HP-20 column highlighting the 60% acetonitrile:H2O interface (A), 
elution of mb and the degassing and column disruption due to degassing by acetonitrile 
(B), and mb as it elutes from the column (C). 
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Figure 4. ESI-TOF mass spectra of HPLC fractions in Fig. 5 of the mb from M. 
trichosporium OB3b. Top, unfractionated sample, prior to separation via HPLC; middle, 
fraction 1 from Fig. 5; bottom, fraction 2 from Fig. 5. 
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Figure 5. Reverse-phase HPLC chromatography of mb lot B from M. trichosporium 
OB3b after exposure to Cu(II) at a ratio of 0.7 Cu per mb. Before loading, the sample was 
dissolved in 10 mM phosphate buffer, pH 6.5, and CuSO4 added in 0.1 M increments, 
adjusting the pH to 6.5 after each addition. The sample was eluted with a 1-99% 
H2O:methanol gradient containing 0.001% acetic acid at a flow rate of 3 mL/min. 
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Figure 6. (A) UV-visible absorption spectra of three different mb preparations from M. 
trichosporium OB3b. The percentages represent the ratio of metal-free mb to metal-free 
mb minus Met. (B) The absorption ratios at 340/290 nm of the three different mb 
preparations. 
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Abstract 
 Methanobactin (mb) is the first characterized example of a chalkophore, a class of 
copper-binding chromopeptides similar to iron-binding siderophores. Structural, redox, 
thermodynamic, and spectral studies on chalkophores have focused almost exclusively on 
the mb from Methylosinus trichosporium OB3b (mb-OB3b). The structural 
characterization of a second mb from Methylocystis strain SB2 (mb-SB2) provides a 
means to examine the core structural features and metal binding properties of this group 
of chromopeptides. With the exception of the 5-membered rings (either oxazolone or 
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imidazolone), enethiol groups and the N-terminus oxo group, the structure of mb-SB2 
differs markedly from mb-OB3b. In particular the amino acids commonly associated with 
metal coordination and redox activity found in mb-OB3b, Cys, Met, and Try, are 
replaced by Ala or are missing in mb-SB2. In this report the spectral and thermodynamic 
properties of mb-SB2 are presented and compared to mb-OB3b. The results demonstrate 
that the spectral and basic copper binding properties of both methanobactins are similar 
and the unique copper binding capacity of both methanobactins lies primarily in the pair 
of five-membered rings and the associated enethiol groups. The remaining portions of the 
methanobactin appear to provide the scaffolding that brings together of the two ring 
systems to produce the tetrahedral binding site for copper binding. 
 
Introduction 
 Methanobactin (mb) is the first characterized example of a chalkophore, a class of 
low molecular mass copper-binding molecules secreted by many, but not all, 
methanotrophic bacteria (1-4). Several physiological functions for mb have been 
proposed. One function appears to be as the extracellular component of a copper 
acquisition system, similar to siderophore based iron uptake systems (1, 5-14). Other 
potential physiological functions include: (1) regulation of the two forms of methane 
monoocygenases (MMOs); (2) as an electron donor to the membrane-associated or 
particulate methane monooxygenase (pMMO), and/or; (3) as an oxygen radical scavenger 
(3, 10, 11, 15, 16). Most studies on mb have focused on the molecule from Methylosinus 
trichosporium OB3b (mb-OB3b) and the results are in keeping with the proposed 
physiological functions. The structure of a second methanobaction from Methylocystis 
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strain SB2 (mb-SB2), was recently determined by Krentz et al. (17). Comparison of the 
structures from the two mbs revealed three core features: (1) substitution of the N-
terminal amino acid with an oxo group; (2) two five-membered rings separated by 3-5 
amino acids, and; (3) an associated enethiol group, which together, form the copper 
binding site (Fig. 1). In M. trichosporium OB3b both rings are oxazolones (14, 18, 19), 
while in mb-SB2 one of the rings is an oxazolone while the other is an imidazolone ring 
(17). However, mb-SB2 and mb-OB3b differ in the number and type of amino acids. The 
most pronounced difference is the replacement of the redox active amino acids 
commonly associated with copper binding peptides, Cys3, Cys6, Met7, and Try4 in mb-
OB3b with three Ala in mb-SB2. Another striking difference is the presence of a sulfate 
group in mb-SB2 that is absent in mb-OB3b (17), and may represent the first example of 
an O-sulfonated peptide found in prokaryotes. 
 M. trichosporium OB3b and Methylocystis species SB2 are both grouped with the 
α-Proteobacteria. However, the two methanotrophs are catabolically different. M. 
trichosporium OB3b is an obligate methanotroph, capable of expressing either a soluble 
cytoplasmic methane monooxygenase (sMMO) or a membrane-associated or particulate 
methane monooxygenase (pMMO) (20). Copper concentration during growth dictates 
which MMO is expressed (15). In contrast,  Methylocystis strain SB2 is a facultative 
methanotroph (i.e., able to utilize ethanol or acetate as sole carbon and energy sources), 
does not contain the structural genes for the sMMO, and constitutively expresses the 
pMMO (21). The structural differences between mb-SB2 and mb-OB3b coupled with the 
different metabolic capabilities between the two methanotrophs should provide insight 
into the copper-binding properties and physiological function of mb. In this report we 
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describe the expression of mb-SB2 as a function of copper concentrationas well as the 
thermodynamic and spectral properties of mb-SB2. The results are also compared to the 
corresponding properties mb from M. trichosporium OB3b. 
 
Experimental 
Organism and culture conditions 
 Methylocystis strain SB2, Methylosinus trichosporium OB3b, Methylococcus 
capsulatus Bath, and Methylomicrobium album BG8 were cultured on nitrate mineral 
salts (NMS) medium as previously described (12, 22-24). 
 
Isolation and quantification of methanobactin from spent media 
 Mb-SB2 was isolated from Methylocystis strain SB2 cultured in NMS medium 
amended with 0.2 µM CuSO4 as described by Bandow et al. (25). Mb-SB2 yields from 
cells cultured in NMS media amended with 0.2 µM CuSO4 were determined following 
isolation as previously described (12). Mb-SB2 yields from cells cultured in NMS media 
amended with 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 5.0, or 7.5 µM CuSO4 were 
determined from the spent media following centrifugation at 12,400×g for 15 minutes at 
4°C followed by filtration through a 0.2 µm filter using the molar extinction coefficient at 
338-285 nm of 12.77 mM-1 cm-1 (Table 1). The molar extinction coefficients were 
determined by measuring the absorbance of 5, 10, 15, 25,  and 50 µg/mL solutions of mb-
SB2 in H2O. Mb from M. capsulatus Bath, M. album BG8 and M. trichosporium OB3b 
were isolated as previously described (25). 
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Thermodynamic and copper binding constants 
 The copper binding properties of mb-SB2 ere examined by the following four 
methods. 
Method 1: competition with high-affinity chelators 
 The affinity of mb-SB2 for Cu(II) was estimated by its capacity to ectract copper 
from the copper chelators listed in Table 2. Stock solutions of chelators listed in Table 2 
were equilibrated with Cu(II) in the molar ratio listed in Table 2 by the addition of CuSO4 
and adjusted to the listed pH with 0.1 N KOH or 0.1 N HCl. The chelator-Cu mixtures 
were incubated at room temperature for a minimum of 5 minutes before the addition of 
mb-SB2 at molar concentrations equal to the added copper in the chelator-Cu solutions. 
The extraction of copper from the chelator-coppr mixture by mb-SB2 was determined by 
changes in the UV-visible absoption spectra of mb-SB2. 
Method 2: isothermal titration calorimetry 
 Isothermal Titration calorimetry (ITC) was performed using a Microcal VP-ITC 
microcalrimeter (GE Healthcare, Piscatawy, NJ, USA). ITC experiments were conducted 
at 25 ºC including the degassing done immediately prior to sample loading, The titrant 
solution used was Cu(II) (250 µM) as CuSO4 in MilliQ H2O (>18.2 MΩ cm resistivity). 
The injections were added at 150 second intervals for injection volumes of 2.5 µL, 225 
seconds for injection volumes of 5 µL and 300 seconds for injection volumes of 10 µL 
into the stirred cell containing 100 µM mb-SB2 with a stirring rate of 310 rpm. The 
instrument was cleaned between experiments, and the sample cell washed according to 
the manufacturer’s recommendation. The sample cell was then rinsed with 100 µM mb-
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SB2. The data was analyzed using nonlinear least-squares curve fitting in Origin 7.0 
software. 
Method 3: displacement isothermal titration calorimetry (DITC) 
 Method 3 is a ITC based theory proposed, but not tested, by Sigurskjold (26). The 
proposed method was modified slightly to be used when two compounds compete for the 
same metal. In this example the first compound is mb-SB2 and the second 
triethylenetetramine (TRIEN). Both mb-SB2 and TRIEN are competing for the same 
metal, Cu in this situation: 
mb-SB2 + CuDCu-mb-SB2 
and 
TRIEN + CuDCu-TRIEN 
then the equilibrium constants are given by 
 
KA = [Cu-­‐mb-­‐SB2][Cu][mb-­‐SB2] 
and 
KB = [Cu-­‐TRIEN][Cu][TRIEN] 
 
 With the above modifications, using triethyleneteramine (TRIEN) (KB) and mb-
SB2 (KA) as competing ligands, and using the subsequent derivations of Sigurskjold (26) 
results in the following equation describing the apparent affinity (Kapp) of mb-SB2 for 
copper in the presence of TRIEN: 
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Kapp = KA1+ KB[TRIEN] 
 
 Calculations were made assuming the equilibrium constant of TRIEN and Cu at 
pH 6.8 to be 1 Í 1020.1 M-1 (KB) as determined by Courtney et al. (27). The last 
modification to the Sigurskjold method was to pre-equilibrate TRIEN with copper before 
titration against mb-SB2. The change was made to remove the potential kinetic difference 
in copper coordination. Displacement isothermal titration calorimetry (DITC) was then 
carried out as described for ITC using Cu(II) bound triethylenetetramine (Cu-TRIEN) in 
a 1:1 ratio at pH 6.8 in H20 as the titrant in place of CuSO4. 
Method 4: measurement of equilibrium constant via competition against TRIEN 
 The spectral properties of free and copper bound TRIEN and mb-SB2 made the 
direct measurement of equilibrium constants for mb-SB2 possible using a method 
designed for high-affinity hemoglobins (27). In this method, the reaction scheme for a 
scavenger, T (e.g., TRIEN) (Table 2) competing with mb-SB2 for a Cu is: 
 
 
 
 The relative affinities can then be analyzed as the ratio of copper bound TRIEN to 
copper bound mb (mb-SB2-Cu) using the following equation: 
 
 T-­‐CuSB2-­‐mb-­‐Cu = KT-­‐CuTKSB2-­‐mb-­‐CuSB2-­‐mb 
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Other methods 
 Metal titrations, metal analysis, UV-visible absorption spectroscopy and 
fluorescence spectroscopy, and X-ray photoelectron spectroscopy (XPS) were determined 
as previously described (12, 13).  
 
Results and Discussion 
Extracellular mb concentrations 
 As observed in other methanotrophs (12), the highest extracellular concentrations 
of mb in Methylocystis sp. SB2 were observed in cells cultured in NMS medium with an 
initial copper concentration between 0 and 0.3 µM. Under these culture conditions, mb-
SB2 yields of 21 ± 8 mg/L were measured (Fig. 2). However, compared to M. 
trichosporium OB3b, the extracellular concentrations were essentially constant. The 
concentrations were higher than that found for mb in M. album BG8, the only other 
methanotroph known to express mb that does not contain the structural genes for the 
sMMO, but were significantly lower than that observed in M. trichosporium OB3b (12). 
As observed in M. trichosporium OB3b, however, mb isolated from the spent media of 
Methylocystis strain SB2 contained a copper to methanobactin molar ratio of less than 
0.03. 
UV-visible absorption spectra 
Metal-free mb 
 As isolated from the spent media, mb-SB2 showed absorption maxima at 386 nm 
associated with the imidazolone ring (ring A), and at 334 nm associated with the 
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oxazolone ring (ring B) (Fig. 3 and Table 2). Spectral identification of the oxazolone ring 
was determined by the loss of absorption maxima following acid-hydrolysis of the ring as 
previously described (17). The UV-visible absorption spectrum of mb-SB2 was similar 
but not identical to the spectrum of mb-OB3b (1, 2, 13, 17). In mb-OB3b the source of 
the absorption maxima 253 and 302 nm was difficult to assign. The absence of both Cys 
and Tyr in mb-SB2 confirms the 258 and 306 nm absorption maxima arise from the 
enthiols that are associated with the oxazolone and imidazolone rings, and not to any 
amino acids (14, 17). 
Effect of copper on the UV-visible absorption spectra 
 The UV-visible absorption changes following Cu(II) additions were complex. At 
low Cu to mb-SB2, i.e. less than 0.3 Cu per mb-SB2, the spectral changes suggested 
coordination by both rings (Fig. 3A and 3B). At copper to mb-SB2 ratios between 0.3 and 
1.0 Cu per mb-SB2, the absorption maxima associated with the imidazolone ring at 387 
nm continued to decrease. The decrease, however, was proportionally lower than that 
observed at lower Cu to mb-SB2 ratios. In addition, the absorption changes at 306 nm at 
these copper concentrations were essentially the inverse of 387 nm suggesting a 
decoupling of copper from the ring. The absorption maxima associated with the 
oxazolone ring at 338 nm showed a slight increase and a blue shift to 326nm then 
remained constant, again suggesting a possible dissociation and/or no additional 
involvement of the oxazolone ring with bound Cu. 
 In contrast to mb-OB3b (13), the spectral changes following Cu(I) binding under 
anaerobic conditions were not identical to Cu(II) (Fig. 4). The primary difference is in the 
larger blue shift from 338 to 313 nm at high Cu(I) to mb-SB2 ratios. As observed with 
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mb-OB3b, the concentration of Cu(I) required for saturation was two to three times 
higher than observed with Cu(II). 
 
X-ray photoelectron spectroscopy (XPS) 
 As observed with mb-OB3b (13), mb-SB2 solution prepared in H2O reduced two 
Cu(II) to Cu(I) in the absence of an external reductant (data not shown). 
Fluorescence spectra 
 The fluorescence spectra of mb from Methylocystis SB2 as isolated and following 
copper additions showed some similarities to the spectra from M. trichosporium OB3b 
(13) (Fig.5). The first similarity was observed following excitation at 341 nm, which 
resulted in a broad emission maximum at 418 nm with shoulders at 387 and 514 nm (Fig. 
5A). Based on the UV-visible absorption spectra, the emissions following excitation at 
341 were assumed to be from the oxazolone ring. Excitation at 362 nm also resulted in a 
broad emission maximum 417 nm, with shoulders at 519 and 610 nm (Fig. 5B). 
 The second similarity to the fluorescent spectra from mb-OB3b was observed 
following excitation at 395 nm, which resulted in complex emission spectra with maxima 
at 456, 512, 536, 614 and 652 nm (Fig. 5C). Again based on the UV-visible absorption 
spectra, the emissions following excitation at 394 nm were assumed to be from the 
imidazolone ring. 
 With the exceptions noted above, the fluorescence spectra differences between 
mb-SB2 and mb-OB3b were more pronounced than the similarities. In mb-OB3b, the 
addition of Cu(II) quenched the emissions from oxazolone ring A and had little to no 
effect on emissions from oxazolone ring B (13, 17). In contrast, the addition of Cu(II) to 
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mb-SB2 increased the emission intensity from the oxazolone ring, which was saturated at 
either 0.4 Cu(II) per mb-SB2, when the excitation wavelength was 341 nm, or at 1.0 
Cu(II) per mb-SB2 when the excitation wavelength was 362 nm (Fig. 5A, B, D, and E). 
The increased emissions were similar to that observed in the Cu(I)-fluorescence sensor 
(28) and the effect of Cu(I) on tyrosine in laccase (29). At low Cu to mb-SB2 
concentrations, emission intensities from the imidazolone ring also showed a small 
intensity increase, then either remained the same or decreased at higher Cu to mb-SB2 
concentrations. Another unusual feature of the emission spectra following excitation at 
395 nm was the appearance of an emission at 415 nm at Cu to mb-SB2 ration of 0.4 Cu 
per mb-SB2 (Fig. 5C). This emission was not observed at other Cu to mb-SB2 ratios and 
coincides with major changes in emissions at other wavelengths at all three excitation 
wavelengths. 
 In an attempt to determine whether the emission increase was due to energy 
transfer from Cu(I) or between the oxazolone and imidazolone rings, the oxazolone ring 
was acid hydrolyzed. Previous studies by Krentz et al. (17) demonstrated that the 
oxazolone ring could be selectively hydrolyzed leaving the imidazolone ring intact. Fig. 6 
shows the time course for acid hydrolysis of the oxazolone ring (Fig. 6A and B) and the 
UV-visible absorption changes following Cu(II) additions (Fig. 6B and C). The acetic 
acid concentrations used in this study, 85 µM, were lower than the concentrations used 
by Krentz et al. (17), 17 mM, but eliminated the need to neutralize the sample following 
hydrolysis. 
 The imidazolone ring was unaffected by exposure to 85 µM acetic acid and shows 
no changes in the UV-visible absorption spectra. However, the emission intensity at 614 
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nm was quenched within 20 min following excitation at 394 nm and emissions at 456 and 
517 nm increased (Fig. 6E). Unexpectedly, emissions at 418 nm following excitation at 
341 nm increased as the UV-visible absorption decreased at 340 nm. Emissions at 417 
nm also increased as the UV-visible absorption decreased following excitation at 362 nm. 
The results suggest that the fluorescence spectra from mb-SB2 were almost exclusively 
from the imidazolone ring. The results also suggest the oxazolone ring quenched 
emissions from the imidazolone ring.  
 Cu(II) additions to mb-SB2 with oxazolone removed (mb-SB2-Oxa) resulted in an 
initial increase in emissions following excitation at all wavelengths. Depending on 
excitation and emission wavelengths increased emission was observed until the Cu to mb 
ratio reached 0.2-0.4 Cu per mb-SB2-Oxa followed by a quenching of emissions at higher 
Cu(II) to mb-SB2-Oxa ratios. Again the results suggest that the fluorescence spectra from 
mb-SB2 were almost exclusively from the imidazolone ring. The result also suggest 
energy transfer between the bound Cu(I) and imidazolone ring. 
 
Thermodynamic properties 
 The nonlinear least-squares curve fitting procedure used in isothermal titration 
calorimetry (ITC) from GE-Microcal (e.g., Origin 7.0) is considered a reliable technique 
for measuring compounds with binding constants in the 104 to 1012 M-1 range (26, 30-32). 
However, the system was not designed for molecules such as mb-OB3b and mb-SB2 with 
considerably higher binding constants (personal communication, V.Frasca, GE Microcal). 
The system can be used if modeled manually, but the binding constants derived manually 
can be considered at best only an estimate (13). Because of the limitations associated 
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with ITC, the affinity of mb-SB2 for Cu(II) was examined by four different methods. 
First, an estimate of copper affinity was examined by the capacity of mb-SB2 to extract 
copper from known copper chelators (Table 2). The results from this direct comparison 
suggest that the initial Cu(II) log K for mb-SB2 is greater than 20.1. In addition to 
commercially available copper chelators, mb-SB2 was also tested in competition studies 
against methanobactin from M. trichosporium OB3b (mb-OB3b), M. casulatus Bath (mb-
Bath), and M. album BG8 (mb-BG8) (Table 2). As expected, mb-SB2 did not remove Cu 
from the high affinity mb from M. trichosporium OB3b. In the reverse experiment, mb-
OB3b did not extract Cu from Cu-mb-SB2 suggesting a similar binding constant (results 
not shown). As observed with mb-OB3b (12), mb-SB2 did remove approximately 25% of 
the Cu from Cu-mb-BG8 and approximately 50% of the Cu from Cu-mb-Bath (Table 2). 
The spectral changes following Cu removal from Cu-mb-BG8 and Cu-mb-Bath were 
more similar to the changes associated with Cu(II) binding (Fig. 3) than to Cu(I) (Fig. 4), 
which was surprising considering over 75% of the copper associated with mb-Bath and 
mb-BG8 is Cu(I) (12, 24).  
 ITC was also employed to determine the Cu(II) binding constant for mb-SB2. 
Initial ITC experiments showed an unusual exothermic increase at Cu/mb ratios and 
below 0.4 (Fig. 7A). Initial ITC experiments showed an unusual exothermic increase at a 
Cu/mb ratio of 0.4 (Fig. 7A; Table 3). Changes in the concentration of the titrant, as well 
as the volume and number of injections revealed two distinct regions of exothermic 
change between the Cu/mb ratios of 0 and 0.4 (Fig. 7B). As observed with mb-OB3b, 
mb-SB2 showed three distinct binding constants at Cu(II) to mb-SB2 ratios at or below 
0.5 Cu(II) per mb-SB2 (Fig. 7; Table 3). Using manual integration the binding constant 
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for mb-SB2 was 7.64Í1026 ± 9.98Í108 M-1. However, minor changes in the manual 
integration of the data could result in a binding constant as high as 4.06Í1043 ± 
8.48Í1010 M-1. 
 Due to the limitations in ITC described above, Sigurskjold (33) proposed a 
method to bypass the limitations within the Origin software via competition ligand 
binding against a ligand with a known binding constant. To test this theory we used 
triethylenetetramine (TRIEN) and mb-SB2 as the competing ligands for copper at pH 7.0. 
Using this method, the initial binding constant fits best into a two site model with a 
calculated binding constants of mb-SB2 copper with the first and second site affinities 
(N1A and N1B) of 1.47 ± 3.32Í1024 M-1 and 1.61 ± 1.17Í1021 M-1, respectively (Fig. 8; 
Table 3). A secondary benefit of the Sigurskjold competition method was the ability to 
resolve and quantitate the multiple events occurring at low Cu to mb-SB2 ratios. 
 The curve fit by Origin was good, but the initial titrations resulted in high 
standard deviation value (Table 3). The high value for the standard deviation is the result 
of the software’s inability to handle the lack of an initial plateau of data points. The 
absence of a plateau is a consequence of the tight initial binding. The Origin software 
also requires that the first few points be disregarded to allow the fit function to work 
properly (Dr. V. Frasca, GE Microcal, personal communication). 
 Lastly, the unique spectral properties of free and copper bound forms TRIEN and 
mb-SB2 make the direct measurement of equilibrium constants possible using a method 
described for high-affinity hemoglobins (34). The procedure was modified slightly by 
first adding 0.05 mM Cu(II) to 0.025, 0.05, 0.1, 0.125, 0.25, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, 
7.7, 10.0 or 15.0 mM TRIEN. The different Cu-TRIEN mixtures were incubated for 5 
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minutes at room temperature followed by the addition of 0.05 mM mb-SB2. Again the 
Cu-TRIEN-mb-SB2 mixture was incubated for 5 minutes at room temperature and the 
spectrum between 225 and 650 nm determined. The percentage of Cu-mb-SB2 and Cu-
TRIEN was determined by the spectral changes associated with each chelator (Fig. 9). 
The binding constant for mb-SB2 via this method was 1.9 ± 0.28Í1027 M-1. 
 
Conclusions 
 Structural characterization of mb from Methylocystis strain SB2 revealed a 
number of key similarities and differences to mb from M. trichosporium OB3b (17). The 
similarities include a pair of 5 membered rings with an associated enethiol group (Fig. 1). 
The major differences include: (1) the number and type of amino acids; (2) mb-SB2 
contains an imidazolone ring in place of one of the oxazolone rings found in mb-OB3b, 
and ; (3) mb-SB2 contains a sulfate group. The amino acid differences between the two 
mbs are particularly relevant sinc the redox and Cu-coordinating amino acids, Cys, Met, 
and Tyr in mb-OB3b, are replaced by comparatively inert Ala. Based on the structural 
comparison, Krentz et al. (17) proposed the core features to mb to consist of: (1) two 5-
membered rings, either oxazolone or imidazolone rings, (2) an enethilate associated with 
each ring, and (3) separation of the rings by 3 to 5 amino acids. The results of this study 
are consistent with predictions by Krentz et al. (17) and demonstrate the high binding 
constant for copper associated with mb from both M. trichosporium OB3b and 
Methylocystis strain SB2 is a consequence of these core features. 
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Abbreviations 
Cu-mb  copper containing methanobactin 
CAS  chrome azurol S 
DITC  displacement isothermal calorimetry 
ITC  isothermal titration calorimetry 
mb  methanobactin 
mb-Bath methanobactin from M. capsulatus Bath 
mb-BG8 methanobactin from M. album BG8 
mb-OB3b methanobactin from M. trichosporium OB3b 
mb-SB2 methanobactin from Methylocystis species SB2 
mb-SB2-Oxa mb-SB2 following hydrolysis of the oxazolone ring 
NMS  nitrate mineral salts 
pMMO membrane-associated or particulate methane monooxygenase 
sMMO  soluble methane monooxygenase 
TRIEN triethylenetetramine 
XPS  X-ray photoelectron spectroscopy 
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Figure 1. Chemical structure of methanobactin from Methylosinus trichosporium OB3b 
(A) and Methylocystis strain SB2 (B) 
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Figure 2. (A) Extracellular concentration of methanobactin from Methylocystis strain 
SB2 cultured in media containing initial amended copper concentrations of 0, 0.1, 0.2, 
0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 5.0, 7.5 µM. (B) Expanded initial region of Fig. 2A. 
Error bars represent the standard deviation of 5 samples. 
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Figure 3. UV-visible absorption spectra of methanobactin from Methylocystis strain SB2 
(A) as isolated and following six 0.05 molar additions of CuSO4 (B) Absorption changes 
of spectrum A at 306 nm (p), 326 nm () at 338 nm (), and at 387 nm (r). (C) UV-
visible absorption spectra following the addition of 0.35 (--), 0.4, 0.45, 0.5, 0.55, 0.6, 
0.65, 0.7, 0.75, 0.8, 0.85,0.9, 0.95, and 1.0 molar additions of CuSO4. (D) Absorption 
changes of panel C at 306 nm (p), 326 nm (), 338 nm (), and 387 (r). 
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Figure 4. UV-visible absorption spectra of methanobactin from Methylocystis strain SB2 
(A) as isolated and following twenty-two 0.1 molar additions of CuCl under anaerobic 
conditions. (A) mb-SB2 as isolated and following eight 0.1 molar additions of Cu(I): (B) 
following six 0.1 M Cu(I) additions to 0.8 Cu-mb-SB2 (C) following eight 0.1 M Cu(I) 
additions to 1.4 Cu-mb-SB2. 
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Figure 5. Emission spectra of mb from Methylocystis strain SB2 (gray trace) in aqueous 
solution following excitation at (A) 341 nm, (C) 362 nm, and (E) 394 nm as isolated and 
following the addition of Cu in 0.1 Cu per mb increments (black traces). (B) Emission 
intensities as isolated and following copper additions at 418 nm (); (D) Emission 
intensities following excitation at 341 nm, 417 nm () Emission intensities following 
excitation at 362 nm and (F) Emission intensities at 415 () 456 (¯), 526 (), 612 (r) 
and 652 nm (£) following excitation at 395 nm. 
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Figure 6. UV-visible and emission spectra of 50 µM mb-SB2 before and at 20 minute 
intervals following exposure to 85 µM acetic acid. (A) The UV-visible absorption spectra 
before and at 20 minute intervals following the addition of 85 µM acetic acid. (B) Time 
course for the absorption changes in 6A at 334.5 (r), and 386 (¯) nm. (C) The UV-
visible absorption spectra of mb-SB2 following acid hydrolysis of the oxazolone ring 
  
61 
(mb-SB2-Oxa) and following the addition of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 
molar equivalents of Cu(II). (D) Absorbance changes at 334 (r), and 386 (¯) nm of mb-
SB2-Oxa following Cu(II) additions to 6C. (E) Time course for the emission changes at 
432 nm (¯) following excitation at 341 nm (left axis) at 430 nm (¢) emission intensities 
following excitation at 362 nm (left axis); and at 446 (p), 517 (), 612 (®) following 
excitation at 394 nm (right axis) of 50 µM mb-SB2 following the addition of 85 µM 
acetic acid. (F) The emission changes at 432 nm (¯) emission intensities following 
excitation at 341 nm (left axis); at 430 nm (¢) emission intensities following excitation at 
362 nm (left axis), and at 446 (p), 517 (), 612 (¿) following excitation at 394 nm (right 
axis) of mb-SB2-Oxa following the addition of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 
molar equivalents of Cu(II).  
 
  
62 
 
Figure 7.  Thermogram (top panel) and binding isotherm (bottom panel) showing 
additions of CuSO4 to a 100 µM mb solution from Methylocystis strain SB2 in water at 
25 °C. (A) 60 separate 5 µL injections from a 500 µM CuSO4 solution, (B & D) 120 
separate 2.5 µL injections from a 250 µM CuSO4 solution, (C) 60 separate 5 µL 
injections from a 250 µM CuSO4. A two-site binding algorithm was used for binding 
isotherms.  
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Figure 8. Thermogram (top panel) and binding isotherm (bottom panel) showing 
additions of Trien-CuSO4 (60 separate 5 µL injections from a 250 µM Trien-CuSO4 
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solution) to 100 µM mb solution from Methylocystis strain SB2 in water at 25 °C. A two-
site binding algorithm was used for binding isotherms. 
 
 
 
 
Figure 9. Equilibrium competition for Cu(II) by mb-SB2 and TRIEN 
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CHAPTER 4:  
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Nathan L. Bandow1, Bipin S. Baral1, Brittani C. Freesmeier1, Erick Turbin1, Jeremy D. 
Semrau2, Alan A. DiSpirito1 
 
Abstract 
 Methanobactin (mb) is a small post-translationally modified polypeptide produced 
and secreted by many aerobic methane oxidizing bacteria (AMOB) for the purpose of 
sequestering copper. Copper and methanobactin also play an important roles in the 
expression of the two methane monooxygenases (MMO). MMO is the enzyme 
responsible for the oxidation of methane (CH4) to methanol. AMOB have a high demand 
for copper. Mb helps them meet this demand as part of an effective copper binding and 
uptake system. In addition to Cu, the mb from Methylosinus trichosporium OB3b (mb-
OB3b has also been shown to bind most transition metals including Au(III). In this 
report, a more thorough study of Au(III) binding by methanobactin from Methylocystis 
strain SB2 (mb-SB2) was undertaken and compared to Au(III) binding by mb-OB3b. The 
spectral and thermodynamic properties of Au(III) binding by mb-SB2 differed 
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significantly from mb-OB3b as did the formation of gold nanoparticles.  The results also 
show that mb from both AMOB preferentially binds Au(III) over Cu(II). 
 
Introduction 
Methanobactins (mb) are a group of small, <1200 Da, post-translationally 
modified proteins produced by many, but not all, aerobic methane oxidizing bacteria 
(AMOB) [1-6]. Originally termed a “copper-binding compound” or cbc [6], 
methanobactin is the first characterized example of a chalkophore, a compound excreted 
by bacteria for the purpose of scavenging copper from the surrounding environment [1]. 
Mb and copper play a key roles in the regulation and activity of both the soluble and 
membrane associated methane monooxygenases (MMO) [7-10]. AMOB use MMO to 
convert methane to methanol As AMOB play an important role in the global carbon cycle 
by metabolizing methane (CH4) as their primary source of carbon and energy [10], 
greater insights into the structural diversity and  mechanism(s) of metal binding by mbs is 
of great interest. To date, mb from only five methanotrophs have been structurally 
characterized: Methylosinus trichosporium OB3b, Methylocystis strain SB2, 
Methylocystis strain M, Methylocystis hirsute CSC1, and Methylocystis rosea [2-4]. All 
mbs to date are characterized by the presence of one oxazolone ring and a second five or 
six membered ring [1,2,4,11]. The second ring is either an oxazolone, imidizolone, or a 
pyrazinedione ring and these rings are separated by 2 to 5 amino acids. Each ring is also 
associated with an enethiol group.  
In addition to copper, methanobactin from Methylosinus trichosporium OB3b 
(mb-OB3b) has been shown to bind several transition and near transition metals [12,13]. 
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The binding constants for most metals are several orders of magnitude below those 
observed for copper, and with the exception of Ag(I), Pb(II), Hg(II) or Au(III ), copper 
will displace most of the non-copper metals bound by mb-OB3b [3,12,14]. 
Methanobactin from M. trichosporium OB3b will also reduce some transition metals, 
such as Cu(II) and Au(III) to Cu(I) and Au(0), respectively. In fact, mb-OB3b has the 
ability to reduce up to 5 Au(III) to Au(0) in the absence of an external reductant and form 
nanoparticles at Au(III) to mb-OB3b ratios > 1.0 [12].  
Gold nanoparticles or colloids have been of interest for many decades for use as 
biosensors and potential uses in a wide range of applications [15-23]. This interest has 
driven the development of various methods for the production of gold nanoparticles. 
Some of the most well known methods involve the citrate reduction method developed by 
Turkevitch et al. and the two-phase system developed by Brust et al. [15-17]. These 
methods involve heating the reaction mixture to >100°C and/or cooling to -18°C in the 
presence of a reducing agent to induce nanoparticle formation. As noted above, mb-OB3b 
has been shown to produce gold nanoparticles without added reductant and does so at 
room temperature [12].  
Mb-OB3b was the first mb to be structurally characterized and much of the 
research on chalkophores has focused on this form of mb. Mb-OB3b shows several 
differences from the mb found in the four Methylocystis strains. Mb-OB3b has two 
oxazolone rings, whereas the Methylocystis strains have two different rings, an oxazolone 
and either an imidazolone or a pyrazinedione. The Methylocystis strains also lack the 
disulfide bridge and lack the metal binding and redox active residues found in mb-OB3b. 
Previous studies have examined the copper binding of the Methylocystis strains and have 
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shown to have similar copper binding properties to mb-OB3b [4]. Given these structural 
differences between different forms of mb it is important to characterize how the 
different forms bind different metals. Some forms may show unique metal binding 
characteristics. This study looks at Methylocystis strain SB2 and its ability to bind Au(III) 
and produce nanoparticles. 
 
Materials and Methods 
Organism, culture conditions and isolation of methanobactin. 
Methylocystis strain SB2 was cultured in 0.2 µM CuSO4 amended nitrate mineral 
salts (NMS) medium in batch reactors and purified from the spent medium as previously 
described [24].[25]. 
 
Mb-SB2 ring hydrolysis 
Acid hydrolysis of the oxazolone ring in mb-SB2 was carried out in reaction 
mixtures containing 50µM mb-SB2 in 85µM acetic acid.  The reaction mixtures were 
incubated at 25°C for 7-9 h and the monitored by UV-visible absorption spectroscopy to 
determined on the time required for the complete hydrolysis of the oxazolone ring.  In 
contrast to the procedure reported by Krentz et al. [2], the final pH of the solution was 6.8 
and therefore did not require neutralization. The hydrolyzed solutions were kept on ice 
and used within 12 h of preparation. 
 
Protein and metal determination  
Protein was determined by the Lowry method [26] .  Samples for metal analysis 
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were hydrolyzed for 12 h at 37°C in 0.6N HCl + 0.6 N HNO3..  Copper and gold were 
determined on an Agilent 55AA atomic absorption spectroscopy (Agilent Technologies 
Inc., Santa Clara, CA) in he flame mode.  
 
UV-visible, circular dichroism and fluorescence spectroscopy. 
UV-visible absorption spectroscopy, fluorescence spectroscopy, and circular 
dichroism titrations were performed as previously described with HAuCl4 [14]. HAuCl4 
was added in 0.05 or 0.1 molar equivalents. The UV-visible absorption time course scans 
were performed on a Cary 50 (Agilent Technologies Inc., Santa Clara, CA) with 50 µM 
mb-SB2 solutions containing 112.5 µM HAuCl4. Scans were taken every 5 or 60 
minutes. The fluorescence time course scans were performed on a Cary Eclipse. The scan 
parameters for the time course consisted of 5 nm excitation and emission slits and a 
photomultiplier tube voltage of 600 V. An excitation wavelengths of 341 or at 387 nm 
were used with scans taken every 2.5 minutes. 
 
Copper and gold mixed-metal binding experiments 
 Binding of Au(III) and Cu(II) in mixed metal solution by mb-SB2 and mb-OB3b 
were determined in solutions containing C(II), Au(III) and mb-SB2 in molar ratios of 
0.25:0.25:1, 0.5:0.5:1, 1:1:1, 1.5:1.5:1, and 2:2:1, respectively.  The solutions were 
incubated with stirring (200 rpm) at room temperature for 5 min.  Following the 
incubation period the samples were loaded to pre-equilibrated Sep-Pak cartridges as 
previously described [5]. Sep-Pak cartridges were washed with 6 ml of > 18MΩ▪cm H2O 
three times then eluted with 6 ml of 60 % acetonitrile : 40% H2O. Copper and gold 
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measurements were determined as described above in the reaction mixture, in the wash 
solution as well as in the sample eluent. Similarly, copper and gold measurements were 
performed on control solutions containing: i) gold and copper only, ii) gold and mb-SB2 
only and iii) copper and mb-SB2 only. 
 
Metal displacement 
 Displacement of one metal pre-bound to mb-SB2 was determined by the changes 
in UV-visible absorption spectra following the addition of Cu(II) or Au(III).  Initial metal 
was bound to mb-SB2 in equimolar concentrations, the second metal, either Cu(II) or 
Au(III) was then added in equimolar concentrations to mb-SB2 + metal.  UV-visible 
absorption spectra were taken following the addition of equimolar concentrations of 
Au(III) or Cu(II) and the changes in the spectra determined. The potential displacement 
of Au(III) by Cu(II) or Cu(II) by Au(III) samples were also assayed by metal analysis as 
described above for gold and copper mixed-metal binding experiments. 
 
Isothermal Titration Calorimetry (ITC).  
Isothermal titration calorimetry (ITC) was performed at 25°C using a GE 
Microcal ITC200 microcalrimeter (GE Healthcare, Piscataway, NJ). Titrant solution was 
2 mM HAuCl4, and was prepared in H2O. The injections were added at 180 sec intervals, 
and based on the volume of the injection the software predetermined the length of the 
each injection. Injection volumes varied from 1-2 µl into a cell containing 100 µM mb-
SB2 with a stirring rate of 1000 rpm. The instrument was cleaned between experiments, 
and the sample cell washed according to the manufacturer’s recommendation. The 
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sample cell was then conditioned with 100 µM SB2-mb to remove any residual metal. 
The data was analyzed using nonlinear least-squares curve fitting in Origin 7.0 software. 
Due to fitting limitations of the software some of the data were fit by hand. The gold data 
was segmented and modeled three times, allowing binding data to be calculated for all 
binding events. The software requires the data to return to zero in order to be fit. In the 
case of the of the first binding event the entire data curve was shifted along the y-axis by 
63000 calorie per mole to allow the curve to be fit by the software. The ∆H values need 
to be corrected by the magnitude of the shift before calculating the ∆G. 
 
Kinetics of mercury and copper binding to mb-SB2  
 The rates for mercury and copper binding to mb-SB2 were determined by 
measuring absorption changes at 338nm and 387 nm, using a four-syringe Biologic 
SFM/4000/S stopped flow reactor coupled to a MOS-500 spectrophotometer (Bio-Logic 
Science Instrument SA, Claix, France) as previous described with the .  Stock solutions 
of HAuCl4 were prepared in > 18MΩ▪cm H2O. The stock solutions for mb-SB2 were 
prepared by dissolving freeze-dried mb-SB2 mb in > 18MΩ▪cm H2O for Cu-mb-SB2 
1.05 CuCl3 were added to mb-SB2.  The stock solutions of HAuCl4, mb-SB2 and Cu-mb-
SB2 were chilled on ice then filtered through 0.22 µm filter before loading into sample 
syringes. The final concentration of the stock mb-SB2 after filtration was determined by 
UV-visible absorption spectroscopy as previously described (15). The path length for the 
cuvette used in the Biologic SFM/4000/S stopped flow reactor was 1.5 mm.  The dead 
time of the system was 1.5 ms. The system was cooled and maintained at 4°C. The 
reaction mixture contained 400 µM of mb-SB2 and either 40, 100, 200, 240, 280, 320, 
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360, 400, 600, 700, or 800 µM of HAuCl4. Rates obtained for each concentration was an 
average of a minimum of 5 traces. The rates were determined by fitting the traces to the 
exponential function in Biokine operational software (Bio-Logic Science Instrument SA). 
Binding rates were calculated in mol Hg or Cu bound per sec per mol mb-SB2 and 
reported as the turnover/binding number (s-1). 
 
Transmission Electron Microscopy (TEM).  
Gold nanoparticles were produced by addition of HAuCl4 to 25 µM, 50 µM, 100 
µM, or 500 µM solutions of mb-SB2 in a molar ratio of 2.25 Au(III) to 1 mb-SB2. 
Samples were incubated at 25 °C for 10 min up to 7 days with and without stirring. 
Samples were spotted on formvar-coated 200 mesh nickel grids. Transmission electron 
microscopy was performed on a JEOL 2100 200 kV scanning and transmission electron 
microscope (Japan Electron Optics Laboratory, Peabody, MA). Nanoparticles were 
counted and sized using the AnalySIS software (Japan Electron Optics Laboratory, 
Peabody, MA). 
 
Results 
UV-visible absorption spectroscopy.  
 The UV-visible absorption spectra changes following HAuCl4 additions appeared 
to bind both the oxazolone (oxa, 334 nm) and imidazolone (imi, 386 nm) rings of mb-
SB2 (Fig. 1). The binding of Au(III) by mb-SB2 was complex with multiple shifts and 
changes from decreasing to increasing absorption. The changes in absorption from 0.05 
to 0.35 Au(III) per mb-SB2 (Fig. 1A) showed decreasing absorbance at 334 and 386 nm, 
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and were similar to the changes observed for Cu(II) binding by mb-SB2 and Au(III) 
binding by mb-OB3b [9,19].  Both the oxazolone and imidazolone rings also  showed a 
red shift to 353 and 391 nm, respectively (Fig. 1A and B).  
 The UV-visible absorption spectra showed that Au(III) has the ability to displace 
other metals from mb-SB2 (results not shown). In fact, Au(III) displaced all of the 
transition metals (Table 1) except for Hg(II).  Cu(II) was not able to displace pre-bound 
Hg(II), Pb(II) or Au(III) to mb-SB2. The displacement of Cu(II) by Au(III) was 
unexpected, but was consistent with the mixed metal binding studies described below. 
 
UV-visible circular dichroism spectroscopy 
 Bipin et al. previously described the UV-visible circular dichroism (UV-CD) 
spectrum for as isolated and acid-hydrolyzed mb-SB2 [38]. Briefly, the UV-CD mb-SB2 
corresponded to that of an unordered polypeptide, showing a strong negative band at 210 
nm and the lack of a weak positive band near 220 nm [28]. The Au(III) additions resulted 
in no initial change in the mb-SB2 followed by the disappearance of the 210 nm band as 
the Au to mb-SB2 ratio approached 1 (Fig. 2A and B). Hydrolyzed mb-SB2 sample 
showed an increase in the negative band at 210 nm, followed by a decrease as the ratio of 
Au to mb-SB2 approached 0.5 (Fig. 2C and D). 
 The visible region of the circular dichroism spectra of mb-SB2 following 
additions of HAuCl4 was complex. The CD spectra showed large conformational changes 
in mb-SB2 as the ratio approached 0.5. The CD signal disappears as the Au(III) ratio 
approached 1. The 300 nm band showed little change until the band disappeared between 
0.5 and 1.0 HAuCl4. The 379 nm band transitioned from a positive band to a negative 
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band as the ratio approached 0.5 Au(III) to mb-SB2, followed by a transition back to a 
positive band with a shift to 400 nm at higher Au(III) to mb-SB2 ratios (Fig. 2A). The 
hydrolyzed sample showed only the positive band at 300 nm with a much weaker signal 
and a broad shoulder extending to 400 nm (Fig. 2C). The 300 nm band shifted to 310 nm 
upon addition of Au(III) and then decreased as the ratio approached 0.5 Au(III) to mb-
SB2. The addition of Au(III) to the hydrolyzed mb-SB2 sample generated a positive band 
at 420 nm. 
 
Fluorescence spectroscopy.  
 The total fluorescence emission spectra following Au(III) binding (Fig. 3A) to 
mb-SB2 showed emissions in the 305 - 310 and 610 nm regions, which differed greatly 
from mb-OB3b binding in the 375 - 575 nm region [12]. The emission spectra for 
excitation at 285 nm showed two distinct peaks, one at 305 nm and one at 426 nm (Fig. 
3B). The peak at 305 nm showed a decreasing intensity from 0.0 to 0.75 Au per mb-SB2, 
similar to the 310 nm decrease from 0.0 to 0.4 Au per mb-OB3b [12]. The 310 nm peak 
from mb-OB3b had previously been attributed to the Tyr residue in mb-OB3b, however, 
the absence of a Tyr residue in mb-SB2 suggest presence of a peak at 305 nm from mb-
OB3b was not due solely to the Tyr. 
The fluorescence emission spectra following excitation at 341 nm and gold 
additions was similar to the spectra following copper additions with an emission 
maximum at 426 nm. However, the emission intensities following Au(III) additions were 
two fold greater. Also in contrast to the spectra following Cu(II) additions, the emission 
intensity does not plateau until 0.7. [27] At Au(III) to mb-SB2 ratios above 0.7, the  
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emission maximum shifts from 426 nm to 417 nm before the intensity decreases back to 
near the starting intensity as the gold to mb-SB2 ratio approaches 2 to 1 (Fig. 3C).  
The emission spectra for excitation of gold at 394 nm (Fig. 3D) showed only two 
emission maxima, 453 and 610 nm, where as the emission following copper addition 
showed an additional peak at 526 nm. The emission intensity for the 610 - 612 nm peak 
following the addition of gold and copper were similar, however, the intensity of the 453 
nm peak for gold was 4 times higher than observed following Cu(II) addition. The 453 
nm peak followed a similar trend to the emission trace to the 426 nm peak following 
excitation at 341 nm.  
 
Isothermal titration calorimetry (ITC). 
 HAuCl4 had an unusual binding curve with multiple binding events (Fig. 4A) 
similar to Cu(II) binding by mb-SB2 [27]. The thermodynamic titrations showed that 
gold binding by mb-SB2 consisted of 4 different binding events. Due to the number of 
binding events the fitting was broken up into three different sections. A two-site model 
was used for each fit. Unlike Cu(II) binding, the unusual shape of the initial binding 
event increased the difficulty in fitting the Au-mb-SB2 binding. In order to fit the initial 
binding constant it was necessary to shift the entire curve along the y-axis by 63,000 
cal•mol-1 and then correct the ∆H values (Fig. 4B). The initial binding constant was 8.4 x 
1032 M-1 (Table 2), an initial binding constant similar to the initial binding constant for 
copper in both mb-SB2 (7.64 x 1026 M-1) and mb-OB3b (3.25 x 1034 M-1) [11,24]. The 
initial binding constant for Au(III) binding to mb-SB2 was 27 orders of magnitude 
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different from the initial binding constant for Au(III) binding to mb-OB3b (1.0 x 105 M-1) 
[9]. 
 
Kinetics of Au(III) binding   
 The time course for the binding of Au(III) to the oxazolone and imidazolone rings 
in mb-SB2 were measured as the decease in absorbance at 341 and 389 nm, respectively, 
following stopped-flow mixing of mb-SB2 with Au(III) at 4°C (Fig. 5). Unfortunately, 
even at 4°C, initial binding rates could only be determined for the oxazolone ring since 
the binding to the imidazolone ring was complete before mixing of the sample was 
complete (1.5 msec). The binding rates to the oxazolone ring increased at Au(III) to mb-
SB2 ratios below 1.5 followed by a decrease at higher Au(III) to mb-SB2 ratios (Fig. 5C). 
 The displacement of Cu from mb-SB2 was surprising considering the high 
binding constant for Cu.  To determine the displacement rate the decrease in absorbance 
at 324 nm after stopped-flow mixing of Cu-mb-SB2 with Au(III) at 4˚C was measured 
(Fig. 7).  Although the displacement of Cu from Cu-mb-SB2 by Au(III) was slow 
compared to the binding of Au(III) to mb-SB2, i.e. 1600 s-1 to 3.5 s-2, the rate suggest an 
active process. 
 
Metal binding in the presence of both Au(III) and Cu(II) 
 The high binding constant and kinetics of Au(III) binding by mb-SB2 as well as 
the spectral changes following the addition of Au(III) to Cu-mb-SB2 suggest mb-SB2 
may preferentially bind Au(III) over Cu(II). To examine this possibility, mb-SB2 and 
mb-OB3b were was incubated in the presence of both metals at different Au(III) to Cu(II) 
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to mb ratios.  Analysis of the metals bound to mb-SB2 and mb-OB3b in these mixed 
metal environments demonstrates that both methanobactins will perferentially bind 
Au(III) over Cu(II) at molar ratios ≥ 1 (Fig. 6). At substoicheometric ratios, mb-SB2 
bound both Cu(II) and Au(III) in equal ratios. 
 
Nanoparticle formation 
 During the fluorescence titrations with HAuCl4 to mb-SB2 a color change from a 
yellow to a red-purple color was observed (Fig. 8a-d). Subsequently, the change in color 
in the Au-mb-SB2 solution was monitored over time using UV-visible 
spectrophotometry.  The results showed the development of a peak that appeared at 527 
nm over time (Fig. 8A and C). The peak at 527 nm is a characteristic location for Au 
nanoparticle formation [29-31]. The location and shape of the peak also suggested that 
the particles were small, spherical shaped particles that were not clustered together 
[30,32]. Transmission electron micrograph (TEM) images confirmed that the particles 
being formed were small and spherical and showed little if any clustering (Fig. 8E, F and 
G). Analysis of the Au nanoparticles showed that >97 percent of the nanoparticles were ≤ 
3 nm in size and the average size of the nanoparticles was ~2 nm (Table 3). The particles 
were stable in solution for up to 7 days without an increase in average size. 
 
Discussion 
 AMOB have a high demand for copper and have developed a system for the 
procurement of needed copper through the secreted small molecule, methanobactin. 
[7,8,10]. In addition to copper, mb-OB3b has also been shown to bind all transition and 
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near transition metals tested [12]. This report demonstrates that mb from Methylocystis 
strain SB2 also binds Au(III), and that both mb-SB2 and mb-OB3b will preferential bind 
to Au(III) over Cu(II). The results also demonstrate mb-SB2 will produce stable gold 
nanoparticles at Au(III) to mb-SB2 ratios above 2.0. This could indicate a use for mb in 
developing therapeutics [19,21,23]. 
 The structures of mb-SB2 and mb-OB3b vary greatly. Mb-OB3b possess two 
oxazolone rings, a disulfide bridge and the redox active amino acids, Met, Tyr and Cys, 
and the heterocyclic rings are separated by 5 amino acids [1,11]. Mb from the 
Methylocystis strains are structurally much simpler than mb-OB3b, lacking a disulfide 
bridge, several redox and metal binding residues (Tyr, Cys) and are smaller in size. The 
structurally characterized Methylocystis strains all contain an oxazolone ring separated 
from the pyrazinedione or imidazolone ring by two amino acids and one modified residue 
with an attached sulfate group [2,4]. With the exception of one Met in Methylocystis 
CsC1 the redox active amino acids (Tyr, Cys, Met) found in mb-OB3b are missing or 
replaced by Ala in the Methylocystis strains.  The lack of metal binding and redox active 
residues allows us to study here metal binding of the oxazolone and  imidazolone/ 
pyrazinedione rings and associated enethiol groups, without the potential involvement of 
additional redox active and metal groups.  
 The fluorescent emission for Au(III) addition to mb-SB2 showed a pattern of 
increasing intensity, a plateau and finally a decrease in intensity.  The emission changes 
correspond to Au(III) coordination transitioning from a tetramer to a dimer and finally to 
a monomer as observed with mb-OB3b [12]. The increase in emission intensity may be 
due to a disruption of two closely associated chromophores involved in exciton transfer 
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between the rings [33]. Mb-SB2 only possesses two chromophores, the oxazolone and 
imidazolone rings. Thus, disruption of exciton transfer appears to result from both an 
inter- and possibly intra-molecular transfer.  The inter-molecule excition transfer was 
previously demonstrated following hydrolysis of the oxazolone ring [27]. The inter-
molecular exciton transfer was also demonstrated here by the fact that the monomer form 
of Au-mb-SB2 showed the greatest fluorescence emission intensity (Fig. 3B, C and D). 
Mb-SB2 only has one binding site so we consider the observed transitions different 
binding events (BE) rather than binding of Au(III) to multiple different sites. The labeled 
events in the fluorescence titrations correspond to thermodynamic events seen in the ITC 
titrations (Fig. 9). These binding events are believed to be directly related to the 
oligomeric state of the mb-SB2. 
 The kinetic data showed that the binding of Au(III) by the imidazolone ring 
happened fast, rates > 2000 s-1 even at 4°C.. The kinetics also indicated that the 
displacement of Cu(II) by Au(III) is an active process and was consistent with the mixed 
metal binding (Fig. 6, 7). The binding constants for the Au(III) by mb-SB2 (Table 2) are 
similar to the values observed for Cu(II) binding events by mb-SB2 [27]. The Au(III) 
binding isotherm for mb-SB2 binding suggested a coordination that transitioned through 
several different oligomeric states, possibly from a tetramer to a dimer and then finally a 
monomer. A similar series of binding events were observed by fluorescent spectroscopy, 
with an additional transition back to the metal-free spectra at Au(III) to mb-SB2 ratios 
above 1.0.  This final transition appears to associated with the formation of nanoparticles. 
 At ratios of Au(III) to mb-SB2 greater than 1.0 we see the formation of gold 
nanoparticles. Previous studies have shown mb-OB3b has the ability to form gold 
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nanoparticles [12]. However, the particles formed by mb-OB3b were inconsistent in size 
and mb-OB3b tended to form particles greater than 25 nm in diameter over time. The 
gold nanoparticles produced by mb-SB2 are consistently formed with a diameter of ~2 
nm (Table 3). The particle size was also stable for 72 h after which the particles 
aggregated in a time course consistent with the loss of the oxazolone ring. Previous 
studies have demonstrated gold nanoparticles can be stabilized by coating the particles 
with molecules with functionalized thiol groups [17,34-36]. The stability of the 
nanoparticles formed by mb-SB2 may be associated with enethiol groups of the molecule 
similar to the thiol group coating used in other methods to stabilize gold nanoparticles 
[17,35](Fig. 10). As suggested by the structural comparisons and CD-spectra, mb-SB2 is 
more flexible than mb-OB3b.  The absence of the disulfide bond found in mb-Ob3b is 
probably responsible for this difference  [12,14](Fig. 2). This may allow for the enethiol 
groups from mb-SB2 to coat the gold nanoparticles and limit the size of the particles to 
consistently be around 2 nm in diameter. Gold nanoparticles have been synthesized at 
room temperature through the use of an imidazolium cation to stabilize the particle and 
sodium borohydride as an added reductent [31,35]. The imidazolium cations that are 
similar in structure to the rings found in mb-SB2 [31,35]. The average size particle with 
the imidazolium cation method was 2-5 nm with a surface plasmon band at 526 nm, 
corresponding closely with the results for nanoparticle formation by mb-SB2 (Fig. 8, 
Table 3) [31,35]. Here, we refer to the potential coating of the gold nanoparticles by mb-
SB2 as a rearrangement event (RE) (Fig. 9 and 10). Nanoparticle formation could also 
account for increased internal quenching of the fluorescence signal at Au(III) to mb-SB2  
ratios greater than 1 due to this rearrangement event allowing for exciton transfer events 
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to occur [37]. The coordination of different oligomeric states, thought to be from a 
tetramer to a monomer, could also account for the blue shift seen in the emission peak. A 
similar quenching and peak shift has been shown in an fluorescence sensing aptamer 
aggregation system developed by Liu et al. [37]. 
 
 The data presented here demonstrated that mb-SB2 as the first mb that has the 
ability to displace copper from a mb. It has also been shown that different forms of 
methanobactin bind gold and form nanoparticles. mb-SB2 forms small nanoparticles at 
room temperature without an added reductant. The ability to form small gold 
nanoparticles may have implications to medical treatments and biosensors [19-23]. Mb 
has been shown to be nontoxic and the toxic methods used in other methods of 
nanoparticle production make mb a good candidate for preparing nanoparticles to be used 
in biological applications. 
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Table 1.  Au(III) and Cu(II) displacement of metals bound to mb-SB2 
Initial Metal Addition Displacement Metal  
 Cu(II) Au(III) 
Fe(III) + + 
Ni(II) + + 
Zn(II) + + 
Co(II) + + 
Cd(II) + + 
Mn(II) + + 
Pb(II) - + 
Hg(II) - - 
Cu(II) X + 
Au(III) - X 
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Table 2. Thermodynamic parameters for HAuCl4 binding to mb-SB2 
Parameter Au	  
 
Event	  1	  &	  2	   Event	  2	  &	  3	   Event	  3	  &	  4	  
TK 298.15 298.15 298.15 
N1 (Au:mb-SB2-1) 0.199 - - 
K1 (M-1) 8.4 x 1032 ± 1.33 x 1013 - - 
∆H1 (cal/mol) -81660 - - 
∆S1 (cal/mol/deg) 88.1 - - 
∆G1 (cal/mol) -107927 - - 
N2 (Au:mb-SB2-1) 0.254 0.3 - 
K2 (M-1) 3.89 x 106 8.25 x 108 - 
∆H2 (cal/mol) -91920 -94200 - 
∆S2 (cal/mol/deg) -66.8 -275 - 
∆G2 (cal/mol) -72004 -12209 - 
N3 (Au:mb-SB2-1) - 0.56 0.567 
K3 (M-1) - 8.46 x 105 1.44 ± 0.16 x 1012 
∆H3 (cal/mol) - -66200 -68880 
∆S3 (cal/mol/deg) - -195 -175 
∆G3 (cal/mol) - -8061 -16704 
N4 (Au:mb-SB2-1) - - 0.344 
K4 (M-1) - - 1.29 ± 0.40 x 1011 
∆H4 (cal/mol) - - -2433 
∆S4 (cal/mol/deg) - - 42.7 
∆G4 (cal/mol) - - -15164 
χ2 2.36 x 109 1.758 x 106 5.32 x 105 
*calculated value following data shift 
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Table 3.  Au(III) nanoparticle size distribution 
[mb-
SB2] 
(µM) 
Time 
(hr) 
Average 
Size (nm) 
Percent Particle Size   
X ≤ 3 
nm 
3nm <X ≤ 
10nm 
10nm <X ≤ 
15nm 
n 
25 6 2.0 ± 0.4 97.5 2.5 0 281 
50 
6 1.8 ± 0.6 99.1 0.8 0.1 1684 
24 2.0 ± 0.4 98.2 1.8 0 1099 
100 6 2.0 ± 0.5 99.1 0.9 0 683 
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Figure 1. UV-visible absorption spectra of methanobactin from Methylocystis strain SB2 
following 0.05 molar additions of HAuCl4 (A, B, and C). Difference spectra of 
absorbance changes at 386 (), 334 (¿), 303 (p) and 258 nm (¢) following addition of 
HAuCl4 (D). 
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Figure 2. UV-visible CD spectra of mb (thick line) as isolated (A) and with a hydrolyzed 
oxazolone ring (C) with addition of 0.1, 0.2, 0.5, 0.75, 1.0, 1.5, and 2.0 HAuCl4; (B) 
Molar ellipticity change of mb-SB2 at 210 (£), 257 (¢), 300 (p), 343 (¿), 379 (), and 
400 () nm following the addition of HAuCl4. (D) Molar ellipticity change of hydrolyzed 
mb-SB2 at 210 (£), 265 (¢), 300 (p), 310 (r), and 420 () nm following the addition of 
HAuCl4.  
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Figure 3. Combined emission spectra for excitation at 285, 341 and 394 nm (A). 
Emission spectra from SB2-mb following excitation at 285 (B) 341 (C) and 394 nm (D) 
after HAuCl4 additions. Inserts are emission intensities at (B) 305 () and 417/426 (¢); 
(C) 417/426 (¢) nm; (D) 453 (¯) and 610 (¢) nm following excitation at 285 (B), 341 
(C) and 394 nm (D). 
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Figure 4. Binding isotherms following additions of HAuCl4 to 100 µM mb from 
Methylocystis strain SB2. (A) The complete binding isotherm for the titration of HAuCl4 
to mb-SB2. (B) Binding isotherm for the first binding event. (C) The binding isotherm for 
the second and third binding events. (D) The binding isotherm for the third and fourth 
binding events. 
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Figure 5. Kinetics of Au(III) binding by mb-SB2 at 4°C.  (A) Averaged absorbance 
change monitored at 338 nm following the addition of 0.05, 0.125, 0.25, 0.35, 0.4, 0.45, 
and 0.05  Au(III) per mb-SB2.  (B) Averaged absorbance change monitored at 338 nm 
following the addition of 0.75, 1.0, 1.5 and 2.0 Au(III) per mb-SB2. (C) Rate of Au(III) 
binding to to the imidazolone (r) and oxazolone () rings of mb-SB2 at 4°C as 
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measured from the absorbance change at 386 nm and 341 nm, respectively.  The rates for 
Au(III) binding >2000 sec-1, and were set at 2000 sec-1 in the figure. 
 
 
Figure 6. Au(III) and Cu(II) binding competition, mb-SB2 (grey bars), mb-OB3b (black 
bars). 
 
Figure 7.  UV-visible absorption spectrum of methanobactin from Methylocystis strain 
SB2 metal free, copper bound and copper displaced (A). Kinetics of Au(III) displacing 
Cu(II) from mb-SB2 at 4˚C (B). 
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Figure 8. Nanoparticle formation by Methylocystis strain SB2 methanobactin with a 
Au(III) to mb-SB2 ratio of 2.25:1. (A) UV-visible spectra of a 1hr time course of Au(III) 
binding by mb-SB2. (B) Absorbance changes at 382 () and 527 nm () monitored every 
5 min. (C) UV-visible spectra of a 48 hr time course of Au(III) binding by mb-SB2. (D) 
Absorbance changes at 527 nm () monitored every 60 min. (E) Transmission electron 
micrographs of Au(III) nanoparticles formed by 500 µM mb-SB2 at 10 min and (F, and 
G) by 50 µM mb-SB2 at 6, and 24 hrs. Inserts: (a) 50 µM mb-SB2 (b) 112.5 µM Au(III) 
(c) 50 µM mb-SB2 + 112.5 µM Au(III) at time 0 and (d) 50 µM mb-SB2 + 112.5 µM 
Au(III) at time 24 hrs. 
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Figure 9. Overlay of the thermodynamic (¢) and fluorescent data () for the binding of 
Au(III) to methanobactin from Methylocystis strain SB2. Binding event 1 (BE1) takes 
place from 0 – 0.25 Au:mb-SB2, binding event 2 (BE2) from 0.25 – 0.4, binding event 3 
(BE3) from 0.4 – 0.65, binding event 4 (BE4) from 0.65 – 1.0, and finally a rearrangement 
event (RE) from 1.0 – 2.0. 
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Figure 10. Proposed binding of Au(III) by methanobactin from Methylocystis strain SB2 
and subsequent rearrangement and coating of gold nanoparticles 
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CHAPTER 5: 
GENERAL CONCLUSIONS 
Methanotrophs produce a group of small molecules termed chalkophores. They 
are similar in function to iron siderophores except they have a preference for copper. Mb 
is found associated with the pMMO and has been shown to stimulate pMMO activity [7-
9]. Increasing the importance of mb production in Methylocystis strain SB2, as 
Methylocystis strain SB2 only produces the pMMO [10]. The metal binding for mb from 
several different methanotrophs has been reported [11-14]. The main focus for the 
majority of the studies involve the binding of reduction of Cu(II) to Cu(I).  
Mb tends to form breakdown products during purification [15]. In an effort to 
counteract this phenomenon an improved purification procedure was developed. Previous 
isolation methods  involved several rounds of centrifugation and filtration to separate the 
cells from the spent media. This was replaced with a high throughput tangential flow 
filtration system, combining the previously used two step process into a single step. The 
isolation step was also modified to a high throughput method. Previous methods used 
syringe loaded Sep-pak, Millipore corporation, which can process small volumes of spent 
media, < 20 mL, at a time. As mb becomes a larger focus of study there is a need for a 
means of isolating large amounts of mb with minimal breakdown products. 
The binding properties of mb from Methylocystis strain SB2 are of particular 
interest as mb-SB2 is structurally unique from other mbs and Methylocystis strain SB2 is 
a facultative methanotroph [10,13,16-18].  As most methanotrophs are obligate 
methanotrophs, the mb from Methylocystis strain SB2 may possess unique characteristics 
[2,5,6,10]. The spectral and thermodynamic properties of mb-SB2 were investigated. Mb-
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SB2 UV-visible absorption spectra for additions of both Cu(I) and Cu(II) were similar to 
the UV-visible absorption changes seen with copper additions to mb-OB3b. The 
absorbance changes indicate both rings from mb-SB2 are involved in the binding of 
copper. Copper showed a similar ability to displace other metals in mb-SB2, with the 
exception of Hg(II), Au(III), and Ag(I). The isothermal titration calorimetry (ITC) data 
resulted in binding constants as high as 4.06 x 1043 ± 8.48 x 1010 M-1 for Cu(II), which is 
in line with the reported binding constant for mb-OB3b. However, these numbers are 
outside of the limits of the instrument, which is stated to be between 109 and 1012 M-1. 
Thus, several different methods were developed to determine a more accurate binding 
constant. A displacement isothermal titration calorimetry (DITC) was used to overcome 
the instruments limitations. Theoretically this method relies on the displacement of a  
molecule with a known binding constant [19]. Triethylenetetramine (TETA) has binding 
constant for copper of 1 x 1020.1 and was used for the DITC experiments [20-22]. The 
DITC yielded a calculated Cu(II) binding constant of 1.47 x 1024 M-1 for mb-SB2 and the 
Kapp for the DITC titration was within the working parameters of the instrument. It was 
determined that copper binding by mb-SB2 was similar to the copper binding of mb-
OB3b. 
Gold has been of interest to man for centuries and over the last few decades there 
has been an increasing interest in using gold in biosensors and therapeutics. Previous 
work has shown that mb-OB3b has the ability to bind Au(III) and produce nanoparticles 
[12]. The UV-visible absorbance spectra indicated that mb-SB2 did bind gold and in what 
appeared to be a similar manner. The circular dichroism (CD) and fluorescence spectra, 
however, indicated differences in how mb-SB2 interacted with Au(III) compared to mb-
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OB3b. Mb-SB2 lacks the disulfide bridge that gives mb-OB3b structural integrity 
[16,18]. This is evident in the CD spectra for mb-SB2, which showed multiple transitions 
from positive to negative molar ellipticity. The fluorescence also showed some key 
differences. The presence of a peak at 305 nm in mb-SB2 indicated that the peak seen at 
310 nm in mb-OB3b was not due solely to the presence of a tyrosine residue, as mb-SB2 
is composed of alanine and serine residues. The imidizalone ring showed an emission 
peak with an intensity ten fold higher that seen in mb-OB3b. The fluorescence signal 
showed also showed an unusual emission peak trace at all excitation wavelengths with a 
dramatic increase in emission before a plateau and eventually a decrease in intensity to 
near metal free mb-SB2 emission intensity. This effect has been attributed to two events. 
First, the disruption of intermolecular exciton transfer leading to an increase in emission 
intensity, and second, the formation of nanoparticles leading to the reestablishing of the 
intermolecular exciton transfer as the mb-SB2 coats the outside of the nanoparticles.  
 Mb-SB2 consistently produced gold nanoparticles 2 nm in diameter and the 
particles were size stable for 72 hours to 7 days. The ability of metals other than copper 
to displace the bound metal had not been previously investigated. Here we found that 
Au(III) had the ability to displace Pb(II), Fe(III), Ni(II), Zn(II), Co(II), Cd(II), Mn(II), 
and Cu(II) but not Hg(II). This is of particular interest because it was thought that mb had 
a preference for copper over other metals. The thermodynamic and kinetic data indicate 
that gold not only has a high binding constant (8.4 x 1032 ± 1.33 x 1013 M-1), but also 
binds so fast to the imidazolone ring that it is complete within the dead time (1.4 ms). 
The Au(III) interaction with mb-SB2 indicates a need to investigate how mb 
interacts with metals other than copper. In a preliminary survey of other metals we find 
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that mb-SB2 binds transition and near transition metals. . The UV-visible absorbance 
spectra following binding was unique for each transition metal. Metals such as nickel 
appear to interact primarily with the imidazolone ring, whereas other metals such as lead 
appears to interacte primarily with the oxazolone ring and iron interacted with both rings. 
Some transition metals have nearly identical UV-visible spectra, Ni(II) and Co(II), but 
show drastically different thermodynamic characteristics. Both fit a two-site binding 
model and the thermodynamic events end at a ratio of 0.5 metal to mb-SB2, 
corresponding to the information obtained from the UV-visible absorption spectra. 
However, the binding of Ni(II) to mb-SB2 is a completely exothermic event and the 
binding of Co(II) to mb-SB2 shows a transition from exo- to endothermic. This further 
supports the idea that each metal binds in a unique way. None of the other transition 
metals tested showed binding constants as extreme as those obtained with Cu(II) or 
Au(III). 
The unique metal binding abilities of mb indicate it may have uses beyond its 
physiologically intended use. Mb-OB3b has already been shown to have a medicinal use 
in the treatment of Wilson’s disease, a genetic disorder that effects the bodies ability to 
remove copper from the body [25,26]. Mb is non-toxic and the formation of gold 
nanoparticles may be useful in the future development of some cancer treatments [27-29]. 
Mb-SB2 has been shown to bind and reduce environmentally relevant forms of mercury, 
adding bioremediation to mb-SB2’s possible uses (Baral et al. submitted). 
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APPENDIX A:  
THERMODYNAMIC AND SPECTRAL BINDING 
PROPERTIES OF TRANSITION METALS BY 
METHANOBACTIN FROM Methylocystis strain SB2 
 
Introduction 
 Methanotrophic bacteria are integral to the global carbon cycle, playing a key role 
in removing methane from terrestrial, aquatic and marine sources [1,2]. Aerobic methane 
oxidizing bacteria (AMOB) have a high demand for copper and have developed a system 
that allows them to collect copper from their environment, similar to the siderophores 
used by many bacteria. Chalkophores are a new category of small molecules with a key 
difference, instead of having a preference for iron they have a preference for copper. This 
molecule has been termed methanobactin (mb). Methanobactins are characterized by the 
presence of an oxazolone ring and a second 5 or 6 membered ring separated by 2-5 amino 
acids. Each ring has an associated enethiol group. Five mb have been structurally 
characterized [3-6]. Mb from Methylosinus trichosporium OB3b (mb-OB3b) has become 
a model for mb. Mb-OB3b is the only mb to have more than its interactions with copper 
investigated [7]. In this work we report a survey of mb-SB2’s ability to bind various 
transition metals. 
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Materials and Methods 
Organism, culture conditions and isolation of methanobactin. 
Methylocystis strain SB2 was cultured in 0.2 µM CuSO4 amended nitrate mineral salts 
(NMS) medium in batch reactors as previously described [8]. Mb-SB2 was isolated as 
described [9] 
 
UV-Visible and Fluorescence Spectroscopy. 
UV-visible absorption spectroscopy and fluorescence spectroscopy were 
performed as previously described [10]. The metal solutions used for the titrations were 
10 mM solutions of Pb(NO3)2, NiCl2, CoCl2, FeCl3, MnCl2, ZnSO4, AgNO3, CdCl2, and 
UO2(NO3)2. 
 
Isothermal Titration Calorimetry (ITC).  
Isothermal titration calorimetry (ITC) was performed at 25°C using a GE 
Microcal ITC200 microcalrimeter (GE Healthcare, Piscataway, NJ). Titrant solutions 
used were 1.5 mM AgNO3, 1 mM ZnSO4, CoCl2, 0.5 mM NiCl2, FeCl3 and were 
prepared in miliQ H2O. The injections were added at 150-240 second intervals, and based 
on the volume of the injection the software predetermined the length of the each 
injection. Injection volumes varied from 0.5-2.5 µL into a cell containing 100 µM mb-
SB2 with a stirring rate of 1000 rpm, and the number of injections varied, with injection 
volume, from 16-75 injections. The instrument was cleaned between experiments, and the 
sample cell washed according to the manufacturer’s recommendation. The sample cell 
was then conditioned with 1 – 3 cell volumes of 100 µM SB2-mb to remove any residual 
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metal. The data was analyzed using nonlinear least-squares curve fitting in Origin 7.0 
software. Due to fitting limitations of the software some of the data had to be fit by hand. 
The silver data was split and modeled twice, allowing binding data to be calculated for all 
binding events.  
 
Results 
UV-visible absorption spectroscopy. 
 The UV-visible absorbance spectra were unique for most of the metals tested. The 
differences observed from metal binding were most noticeable in ring (oxazolone 334 
nm, imidazolone 386 nm) involvement. Most metal titrations showed some amount of 
shift in peak location, be it red or blue, with decreasing absorbance. The UV-visible 
absorbance spectra for Pb(II) indicated the largest change in the oxazolone ring, with all 
changes ceasing at a molar ratio of 0.5 Pb(II) per mb-SB2 (Fig. 1A and B). The titration 
of Fe(III) showed a slight increase in absorbance before a continual decrease in 
absorbance for both the oxazolone and imidazolone rings at nearly the same rate (Fig 1E 
and F). The changes in the Ag(I) absorbance was similar to Fe(III) in that both rings 
showed a continual decrease in absorbance, Ag(I) also showed a new shoulder peak at 
419 nm associated with the shifted peak at 404 nm (Fig. 2). The absorbance changes for 
Ni(II) (Fig. 1C and D) and Co(II) (not shown) were nearly identical. Both showed a large 
decrease in the absorbance for the imidazolone ring and very little change in the 
oxazolone ring. The changes in absorbance correspond to the thermodynamic changes. 
However, metals that share similar UV-visible absorbance spectra don’t necessarily share 
similar thermodynamics, as is the case with Ni(II) and Co(II). 
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Isothermal titration calorimetry 
 The isothermal titration calorimetry (ITC) for the transition metals tested gave 
similar binding constants to those obtained for mb-OB3b (Table 1) [7]. With the 
exception of Ag(I) all of the metals presented here directly fit a two-site model. It should 
be noted that mb-SB2 only has one binding site, and these are more specifically thought 
of as oligomeric rearrangements and binding events. Ag(I) had a binding isotherm very 
similar in shape to Au(III) (Fig. 3D and E), and had to be broken into two parts to obtain 
binding constants for all of the binding events. The binding constant for Ag(I) was 26 
orders of magnitude lower. The binding isotherms for both Zn(II) and Co(II) showed a 
transition from exothermic to endothermic upon metal binding (Fig. 3A and B). The 
cause of the transition from exo- to endothermic was not determined. All of the other 
metals tested were strictly exothermic upon metal binding. The Ni(II) and Co(II) binding 
isotherms (Fig. 3B and C) are drastically different, however, their UV-visible absorbance 
spectra are nearly identical. This supports the idea that each metal binds to mb-SB2 in a 
unique way. Mb-SB2’s lack of any ordered structure doesn’t make this that surprising. 
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Table 1. Thermodynamic parameters for transition metal binding to mb-SB2 
Parameter Co(II) Zn(II) Fe (III) Ni(II) Ag(I) 
TK 298.15 298.15 298.15 298.15 298.15 
N1  0.24 0.51 0.11 0.128 0.556 
K1 (M-1) 1.51 x 107 1.07 x 107 3.12 x 107 6.20 x 107 9.50 x 108 
∆H1 (cal mol-1) -3700 -440 -7400 -8456 -25100 
∆S1 (cal mol-1deg-1) 20.4 30.7 9.47 7.29 -43.1 
∆G1 (cal mol-1) -9782 -9593 -10223 -10630 -12250 
N2 0.28 0.075 0.28 0.188 0.819 
K2 (M-1) 1.95 x 106 1.50 x 105 3.00 x 105 2.07 x 106 1.58 ± 0.24 x 108 
∆H2 (cal mol-1) 1790 3100 -4986 -5741 -33320 
∆S2 (cal mol-1deg-1) 34.8 34.1 8.34 9.64 -74.2 
∆G2 (cal mol-1) -8586 -7067 -7473 -8615 -11197 
N3 - - - - 0.449 
K3 (M-1) - - - - 1.15 ± 0.1 x 106 
∆H3 (cal mol-1) - - - - -16630 
∆S3 (cal mol-1deg-1) - - - - -28 
∆G3 (cal mol-1) - - - - -8281.8 
χ2	   5946 6540 8.3 x 104 6.96 x 104 4.03 x 104 
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Figure 1. UV-visible absorption spectra following 0.10 molar additions of Pb(NO3)2 (A), 
NiCl2 (C), FeCl3 (E) to mb from Methylocystis strain SB2. Difference spectra of 
absorbance changes at 397 (), 384 (), 333 (¢) and 258 (p) nm for PbNO3 (B), 386 (), 
336 (¢) and 260 (p) nm for NiCl2 (D) and for FeCl3 (E). 
. 
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Figure 2. UV-visible absorption spectra of methanobactin from Methylocystis strain SB2 
following 0.10 molar additions of AgNO3 (A and B). Difference spectra of absorbance 
changes at 419 (), 384 (), 334 (¢) and 303 (p) nm. 
  
112 
 
Figure 3. Binding isotherms following additions of (A) ZnSO4, (B) CoCl2, (C) NiCl2, (D 
and E) AgNO3 and (F) FeCl3 to 100 µM mb-SB2. 
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APPENDIX B: 
SPECTRAL AND THERMODYNAMIC PROPERTIES OF 
METHANOBACTIN FROM γ-PROTEOBACTERIAL 
METHANE OXIDIZING BACTERIA: A CASE FOR 
COPPER COMPETITION ON A MOLECULAR LEVEL 
 
(Modified from an article published in the Journal of Inorganic Biochemistry) 
 
Dong W. Choi, Nathan L. Bandow, Marcus T. McEllistrem, Jeremy D. Semrau, William 
E. Antholine, Scott C. Hartsel, Warren Gallagher, Corbin J. Zea, Nicole L. Pohl, James 
A. Zahn, Alan A. DiSpirito 
 
Abstract 
Methanobactin (mb) is a low molecular mass copper-binding molecule analogous to iron-
binding siderophores. The molecule is produced by many methanotrophic or methane 
oxidizing bacteria (MOB), but has only been characterized to dat in one MOB, 
Methylosinus trichosporium OB3b. To explore the potential molecular diversity in this 
novel class of metal binding compound, the spectral (UV-visible, fluorescent, and 
electron paramagnetic resonance) and thermodynamic properties of mb from two γ-
proteobacterial MOB, Methylococcus capsulatus Bath and Methylomicrobium album 
BG8, were determined and compared to the mb from the α-proteobacterial MOB, M. 
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trichosporium OB3b. The mb from both γ-proteobacterial MOB differed from the mb 
from M. trichosporium OB3b in molecular mass and spectral properties. Compared to mb 
from M. trichosporium OB3b, the extracellular concentrations were low, as were copper-
binding constants of mb from both γ-proteobacterial MOB. In addition, the mb from M. 
trichosporium OB3b removed Cu(I) from the mb of both γ-proteobacterial MOB. Taken 
together the results suggest mb may be factor in regulating methanotrophic community 
structure in copper-limited environments. 
 
Introduction 
  
Methanobactin (mb) is a small copper-binding polypeptide shown to be produced 
by many, but not all, aerobic methane oxidizing bacteria (MOB) or methanotrophs [1,2]. 
Methanobactin from two MOBs, Methylococcus capsulatus Bath and Methylosinus 
trichosporium OB3b, has been isolated from extracellular and cell membrane fractions 
[3–6]. When isolated from the extracellular fraction the molecule is generally copper free, 
whereas samples isolated from the membrane fraction contain one Cu per mb [3,6]. The 
primary structure of the molecule from M. trichosporium OB3b is 1-N-[mercapto-(5-oxo-
(3-methylbutanoyl)oxazol-4-ylidene) methyl]-GS-C-Y-2-[(pyrrolidin-2-yl-(mercapto-(5-
oxozol-4-ylidene)methyl)]-S-C-M (Fig. 1) [7,8]. The two mercapto-oxozolone groups are 
involved in copper-binding and reduction, and with the exception of tyrosine are 
responsible for the UV–visible absorption and fluorescent properties of the molecule [4]. 
The molecule from M. trichosporium OB3b represents the first, and to date, only 
characterized example of this new class of metal binding compound, designated as 
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chalkophores [8], but its physiological function(s) is still in question. In addition to the 
properties consistent with a siderophore-like copperbinding molecule [3,4,6,9–14], the 
molecule shows copper chaperon [4,15], oxygen radical scavenger [9,16], and respiratory 
properties [4,6,9–11,15–18].  
Although mb was originally identified in association with the membrane-
associated methane monooxygenase from M. capsulatus Bath [6], molecular 
characterization of this novel class of Cu-binding compounds has focused on the 
molecule from M. trichosporium OB3b [4,5,7–11] as high concentrations of mb could be 
isolated from the extracellular fraction from M. trichosporium OB3b, making it a good 
model to examine this new class of copper-binding compounds [1,4,5,7–11]. Results 
from studies on mb from M. trichosporium OB3b have provided strong support for its 
role as an extracellular component of a copper acquisition system similar to siderophores 
in iron acquisition systems, although the molecule may also serve other physiological 
functions in MOBs expressing the pMMO. To examine the molecular variability within 
this group, mb from the γ-proteobacterial MOB M. capsulatus Bath and 
Methylomicrobium album BG8 were examined. M. capsulatus Bath has similar copper 
requirements to M. trichosporium OB3b and, like M. trichosporium OB3b, will express 
either the sMMO and/or pMMO depending on the copper to biomass ratio [15,19–24]. In 
contrast, M. album BG8 does not contain the structural genes for the sMMO, 
constitutively expresses the pMMO and does not take up the high copper concentrations 
observed in cells capable of expressing both MMOs [25–27]. Thus, a comparison of the 
basic properties of mb from these three methanotrophs should help define the potential 
physiological role(s) of mb. 
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Materials and methods 
 
Organisms, culture conditions and isolation of methanobactin from spent media 
M. trichosporium OB3b, M. capsulatus Bath and M. album BG8 were cultured for 
mb isolations in nitrate mineral salts (NMS) media [28] as previously described for M. 
trichosporium OB3b [4]. Copper concentrations of the culture media were varied 
between 0.03 and 20 µM CuSO4. 
 
Isolation of mb from culture media 
Mb was separated from cells in the culture medium of the three tested 
methanotrophs using a Centrimate™ PE tangential flow filtration system containing an 
OS030C10 centrimate filter cassette (Pall Corporation, Framingham, MA). The filtrate 
was loaded directly on a 5.0°—30 cmDianion HP20 (Sigma Chemical Co., St. Louis, 
MO) and the mb washed, eluted from the column, and freeze-dried as described by Choi 
et al. [10].  
The effect of copper on the extracellular concentration of mb for each 
methanotroph was determined in a 10 L fed-batch reactors. The initial copper 
concentration in the continuous batch reactors was either 0.03 or 0.2 µM. Starter cultures 
for the batch reactors were grown in NMS containing 0.03, 0.2 or 5 µM copper sulfate. A 
10% inoculum was used for all fermentors and 8 L samples were removed when the 
optical density at 600 nm reached of 0.89±0.14 which previous studies on M. capsulatus 
Bath was shown to represent 9.0±1.4°—108 cells per mL [9]. Following sample removal, 
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8 L of fresh media was added to the fermentor and the copper concentration was adjusted 
to 0.2, 0.4, 0.7, 1.0, 3.0, 5.0 or 10 µM. Mb from the 8 L sample was isolated, purified and 
the dry weight of the mb was gravimetrically determined. 
 
Molecular mass determination 
Molecular masses of copper-containing mb (Cu–mb) from M. capsulatus Bath 
and M. album BG8 were determined on an Agilent Technologies Model 6210 Time-of-
Flight Liquid Chromatograph/Mass Spectrometer (TOF LC/MS) using electrospray 
ionization at the interface between LC and MS as previously described [7]. Masses were 
determined for mb as a negative ion using co-ionized calibration compounds (Agilent 
API-TOF reference standard, #G1969-85001, Santa Clara, CA). 
 
Copper titrations 
Copper titrations were performed using aqueous solutions of mb as described by 
Choi et al. [4]. Briefly, 1 or 10 mM aqueous stock solutions of CuSO4 were used as initial 
stock solutions. 50 µM mb aqueous solutions were prepared from 10 mM stock solutions 
that were stored at −20 °C. All titrations were determined at room temperature under 
aerobic conditions. Methanobactin from all three methanotrophs buffered the reaction 
mixture to pH 6.8. Copper was added in 0.05 or 0.1 molar equivalent aliquots, mixed and 
incubated for 5 min before spectral determinations. Following equimolar copper addition, 
the pH decreased to 6.75. 
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Other methods 
Isothermal titration calorimetry (ITC), metal analysis, reverse transcription-PCR 
(RT-PCR) for the transcripts of the genes encoding for the α-subunit of the hydroxylase 
component of the soluble MMO (mmoX) and the β-subunit of the membrane-associated 
MMO (pmoA), electron paramagnetic resonance (EPR) spectroscopy, UV–visible 
absorption spectroscopy and fluorescence spectroscopy were determined as previously 
described [4,6,11,16]. sMMO activity was determined using the oxidation of naphthalene 
to 1-naphthol as previously described by Brusseau et al. [29]. 
 
Results 
 
Extracellular mb concentration and copper 
Previous studies on M. trichosporium OB3b demonstrated that extracellular mb 
concentrations were dependent on the copper to biomass ratio during growth [3,4,10]. 
However, the exact ratio was difficult to determine. Under most culture conditions, with a 
cell density at 600 nm of 0.4 to 1.1, sMMO expression was only observed at copper 
concentrations below 0.7±0.2 µM. At higher cell densities, increased copper 
concentrations were required to have no observed sMMO expression, but the increase is 
not directly proportional to the increased biomass. Thus, it appears that both cell density 
and extracellular copper concentration influence expression of MMO.  
To examine this relationship further, the extracellular mb concentrations, and 
expression of both MMOs in M. trichosporium OB3b were monitored from fed-batch 
reactors with increasing copper concentrations (Fig. 2). When cells cultured in media 
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containing 5 µM copper into fermentors containing 0.03 µM copper, the concentration of 
extracellular mb in the spent media was initially 25±9 mg per liter and the cells 
predominately expressed sMMO. However, in fed-batch reactors, the concentration of 
extracellular mb steadily decreased if M. trichosporium OB3b was maintained in media 
containing less than 0.2 µM copper. High concentrations of extracellular mb in the 
culture media could be maintained in cells expressing sMMO if the concentration of Cu 
in the culture media was maintained between 0.2 µM and 0.4 µM. If the copper 
concentration was increased to 0.7 µM or above, M. trichosporium OB3b generally 
decreased expression of sMMO and increased expression of pMMO (Fig. 2; [9]). The 
culture also showed a corresponding decrease in the extracellular concentration of mb. 
Mb from M. trichosporium OB3b will bind a number of other non-Cu metals [11], 
however, the changes in extracellular and cellular concentrations of mb were only 
observed in response to Cu, although to date only iron-limited chemostats have been 
examined (results not shown).  
In contrast to M. trichosporium OB3b, the extracellular concentrations of mb in 
both M. album BG8 and M. capsulatus Bath remainedrelatively constant, regardless of 
the initial copper concentrations in the medium (Fig. 2). In M. capsulatus Bath the 
extracellular mb concentration remained between 10 and 30 mg/L. As observed with 
M. trichosporium OB3b, the highest extracellular concentrations in M. capsulatus Bath 
were observed in culture media in cells expressing sMMO. As shown in Fig. 2 (insert), 
induction of pmoA was observed when the concentration of extracellular Cu was 
increased to 0.7 µM and coincided with decreased concentrations of extracellular mb. 
In M. album BG8, inoculation of fermentors containing 0.03 µM Cu with cells 
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cultured in NMS media containing 5 µM Cu resulted in mb yields of 5–10 mg per liter of 
spent media (Fig. 2). However, following one fermentor turnover, M. album BG8 showed 
little to no growth in media containing less than 0.1 µM Cu (data not shown). In cells 
cultured in media containing copper concentrations above 0.2 µM Cu, the extracellular 
concentration of mb was low (Fig. 2). As in the cases of M. trichosporium OB3b and M. 
capsulatus Bath, the highest extracellular mb concentrations in M. album BG8 were 
observed in growth media containing 0.2 µM copper although the concentrations 
of mb were comparatively low at all copper concentrations tested. 
 
Molecular mass of mb from M. capsulatus Bath and M. album BG8 
1 mM solutions of copper-containing mb (Cu–mb) from both M. capsulatus Bath 
and M. album BG8 were prepared in doubled distilled deionized water. Both solutions 
were directly injected the mass spectrometer and the mass determined via TOF-MS. The 
mass for mb from M. capsulatus Bath was 1058.46 amu and 939. 33 amu for mb from M. 
album BG8. 
 
UV-visisble absorption spectra 
The metal-free form of mb from both M. album BG8 and M. capsulatus Bath was 
light green in color, with weak absorption maxima at 260–270 and 400 nm (Fig. 3A and 
B, respectively). Following Cu(II) addition to mb from M. album BG8, the absorption 
maxima at 262 nm increased and was saturated at a Cu to mb ratio of 0.6 Cu to 1 mb, 
while the absorption maxima in the 388–401 nm range varied depending on the copper to 
mb ratios. At 0.1 Cu per mb, the absorption maxima increased at 400 nm and showed a 
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blue shift to 388 nm. At Cu to mb ratios above 0.3 µM, the absorbance at 388 nm 
decreased with a red shift to 401 nm and was not saturated until the Cu to mb molar ratio 
reached 1.8 Cu per mb (Fig. 3A and C). Cu(II) titration of mb from M. capsulatus Bath 
resulted in an increased absorbance at 268 nm (Fig. 3B and D). At 400 nm, the absorption 
spectra did not change until the Cu to mb ratio was above 0.25 Cu per mb and was 
saturated at 0.8 Cu per mb. Thus, major absorption changes at 400 nm in both γ-
proteobacterial MOB were not observed until the Cu concentration in the reaction 
mixture reached 15 µM which was consistent with the initial binding constants for mb 
from both γ-proteobacterial MOB (see discussion on thermodynamic properties below). 
Compared to the spectra from M. trichosporium OB3b the UV–visible absorption spectra 
from both γ-proteobacterial MOB were weak with broad absorption maxima [4]. 
 
Fluorescence spectra 
The fluorescence spectra of mb from the two γ-proteobacterial MOB showed the 
characteristic mb emissions at 610–613 nm when excited at 380 or 390 nm ([4], Table 1, 
Fig. 4). Emissions at 525 nm were also observed following excitation at 380 nm with mb 
from M. album BG8 or 390 nm with mb from M. capsulatus Bath. As observed in mb 
from M. trichosporium OB3b mb, the emissions at 610 or 613 nm were quenched by 
copper, while the emission at 525 nm showed little if any quenching following copper 
addition. In M. capsulatus Bath, emissions at 360, 433 and 521 nm, following 
excitation at 280 nm, were also quenched by Cu(II). In the mb from both γ-
proteobacterial MOB emissions quenched by copper were saturated at 0.5 Cu per mb. 
In contrast to the UV–visible absorption spectra, the fluorescence spectra of both 
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M. album BG8 and M. capsulatus Bath showed comparatively strong emission spectra 
that were similar, but not identical, to those observed in mb from M. trichosporium OB3b 
(Table 1 and Fig. 4). As observed with mb from M. trichosporium OB3b [4], excitation in 
the 340 nm range results in a broad emission with a maxima in the 450 nm range. A 
similar broad emission is also observed following excitation at 260 and 280 nm (Fig. 4; 
[4]). The major difference between the emission spectra from the two γ-proteobacterial 
MOB and M. trichosporium OB3b was the emission intensities which were 25 to 100 
fold higher than the comparative emission spectra from M. trichosporium OB3b [4]. 
These results suggest a high level of internal quenching in mb from M. trichosporium 
OB3b that is absent or lower in the mb from the two γ-proteobacterial MOB. The 
fluorescence spectra also suggest the presence of imidazolate and/or oxozolone-like rings 
and the absence of Tyr in the mb from both γ-proteobacterial MOB. However, the 
presence of one or both of these rings requires structural conformation. 
 
Electron paramagnetic resonance properties 
Previously, using mb from M. trichosporium OB3b and M. capsulatus Bath, we 
reported the Cu(II) coordination of 2N2O or 3N1O, with no detectable sulfur 
coordination [4,6,9,16]. The EPR parameters for 0.5 Cu/mb using mb from M. album 
BG8 were similar to M. trichosporium OB3b gll=2.25 and All=180 G, suggesting more 
coordination from nitrogen and again with no detectable sulfur coordination (Fig. 5). At 
0.1 Cu/mb the EPR parameters from M. album BG8 shift to gll=2.21 and All=175 G 
suggesting the addition of sulfur to the coordination sphere. At ratios above 0.8 Cu/mb a 
broad signal for M. album BG8 was observed due to aggregation that was similar to that 
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observed in the mb from M. trichosporium OB3b [4]. The weak EPR spectra also 
suggested that over 80% of copper associated with mb from both γ-proteobacterial MOB 
was Cu(I). 
 
Thermodynamic properties 
The high initial binding constant observed with copper coordination by the 
tetramer form of mb from M. trichosporium OB3b was absent in mb from both γ-
proteobacterial MOB (Table 2). Like the mb from M. trichosporium OB3b, the copper 
titration data from both γ-proteobacterial MOB fit a two-site model better than a one-
binding site model. However, in contrast to mb from M. trichosporium OB3b, only two 
Cu-binding constants were observed in the mb from both the γ-proteobacterial MOB and 
both Cu-binding constants were much lower than observed in M. trichosporium OB3b 
(Fig. 6; Table 2). Also in contrast to copper titrations of the mb from M. trichosporium 
OB3b, Cu(II) titration curves from both γ-proteobacterial MOB showed an endothermic 
to exothermic transition at 0.5 Cu per mb which was not observed in mb from M. 
trichosporium OB3b. 
 
Competition studies 
The lower extracellular concentrations and binding constants for mb from both γ-
proteobacterial MOB raise the question, how would these mb compete for Cu(II) with the 
higher affinity mb from M. trichosporium OB3b? To examine this question, each mb was 
titrated with copper-containing mb isolated from a different methanotroph and the UV–
visible absorption spectra monitored during the titrations. No spectral changes in the UV–
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visible absorption spectra were observed when mb from the two γ-proteobacterial MOB 
were exposed to Cu–mb from M. trichosporium OB3b. However, when mb from M. 
trichosporium OB3b was titrated with Cu–mb from either γ-proteobacterial MOB, the 
spectral changes demonstrated that the mb from M. trichosporium OB3b removed the 
copper associated with Cu–mb from both M. capsulatus Bath and M. album BG8 (Fig. 7). 
Titration of mb from M. trichosporium with Cu–mb from M. capsulatus Bath was 
complete at equimolar concentrations of mb from each methanotrophs (Fig. 7A). This is 
in contrast to titration of mb from M. trichosporium OB3b with Cu(II) which is complete 
at 0.5 Cu(II) per mb when monitored by UV–visible absorption, fluorescence, or NMR 
spectra ([4]; W. Gallagher, unpublished results), but was consistent with titration with 
Cu(I) which is complete at 1.0 Cu(I) per mb [4]. Two possible explanations for this 
observed titration ratios are: 1) that the mb from M. trichosporium OB3b can extract Cu 
from the monomer, but not from the dimer form of mb from M. capsulatus Bath or 2) that 
the results followed the expected titration with Cu(I). Previous studies have shown over 
75% of the copper associated with mb from M. capsulatus Bath is Cu(I) [6].  
Titration of mb from M. trichosporium OB3b with Cu–mb from M. album BG8 
was only 30% complete at equimolar concentrations of mb from each methanotrophs 
(Fig. 7B). Titration of mb from M. trichosporium OB3b with higher concentrations of 
Cu–mb from M. album BG8 did not increase the percentage of Cu–mb from M. 
trichosporium OB3b. The results suggest the tetramer, possibly the dimer, but not the 
monomer form of mb from M. trichosporium OB3b can extract Cu from Cu–mb from M. 
album BG8. The results are influenced by the oxidation state of the copper associated 
with Cu–mb from M. album BG8, which was shown here to be predominately Cu(I). 
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Discussion 
 
Yoon et al. [2] recently modified the chrome azurol S (CAS) assay, originally 
developed for siderophore detection [30], into a plate assay to screen for chalkophore 
production. In an initial screen with this Cu-CAS assay, chalkophore-like molecules were 
identified in both M. album BG8 and M. capsulatus Bath [2]. This study was initiated to 
determine if the chalkophore-like properties were common in low molecular mass 
copper-binding compounds found in different methanotrophs. Like mb from M. 
trichosporium OB3b, the mb or mb-like molecules were low molecular mass, 
extracellular, copperbinding molecules. However, the extracellular mb concentrations for 
M. capsulatus Bath and M. album BG8 were approximately 50 and 20% of the yields 
observed with M. trichosporium OB3b. In addition, compared to M. trichosporium OB3b, 
neither γ-proteobacterial MOB showed major changes in the extracellular mb 
concentration in response to varying extracellular copper concentrations. The 
chalkophore-like properties in common with mb from all three MOB were: (1) the 
highest concentrations in the extracellular fractions were observed under low copper to 
biomass ratios; (2) a capacity to bind a variety of metals, including Fe(II), Fe(III), Co(II), 
and Zn(II), but with copper preferentially bound,(results not shown), and; (4) reduction of 
Cu(II) to Cu(I). Taken together these results suggest mb functions in copper acquisition 
as a copper-siderophore or chalkophore in all three methanotrophs. 
In the case of M. capsulatus Bath and M. trichosporium OB3b the role of mb in 
the regulation of the two MMOs is still in question. When coupled with previous studies 
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([1], and the references within) the results presented here support the suggestion that the 
methanobactin-based copper acquisition system is related to pMMO activity and 
expression. However, in the twoMOBtested that express both forms of the MMO (i.e., M. 
capsulatus Bath and M. trichosporium OB3b), the highest extracellular concentrations of 
mb were observed in cells cultured in media containing copper concentrations below the 
concentration necessary to cease expression of the sMMO. Whether the extracellular 
concentration of mb increased to coordinate Cu and allow functional expression of the 
sMMO or increased in preparation for a shift topMMOcannot be determined from this 
data. However, the results presented here do support, but do not confirm, the proposal by 
Knapp et al. [12] that mb mediates the regulation of both MMOs. Mb from both γ-
proteobacterial MOB showed divergent properties compared to mb from M. 
trichosporium OB3b. The most obvious difference was the copper-binding constants. The 
binding constants of both γ-proteobacterial MOB were consistent with the binding 
constants observed in copper chaperones (association constants in the 105 to 106 M−1 
[31,32]), rather than those expected for chalkophores. The measured binding constants 
were surprising considering the mb from both γ-proteobacterial MOB extracted Cu 
from copper-containing chrome azurol which has a high affinity for copper (log K=13.2; 
[2,30]). Previous work, however, has shown that methanotrophs can bind copper in the 
presence of chelating agents with high affinities for copper in the presence of competing 
cations (e.g., iron). Changing pH can significantly reduce the free ligand of these 
competing chelating agents [13]. This may enable mb of M. capsulatus Bath and M. 
album BG8 to collect copper despite its relatively low affinity. If the mb from both γ-
proteobacterial MOB are involved in copper acquisition the results presented here 
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demonstrate that they cannot compete with the mb from M. trichosporium OB3b, and that 
competition for copper may play a role in regulating in situ methanotrophic community 
structure.  
Initial structural [4,7] and biochemical [4,9–11,16] studies on methanobactin from 
M. trichosporium OB3b suggested the molecule was similar to the amino acid-containing 
pyroverdin class of iron siderophores [33-36] and led to renaming the molecule from 
copperbinding compound (CBC) [3,6] to methanobactin [4]. The analogy to iron 
siderophores (sidero is Greek for iron bearer or iron carrier) was also used to name this 
group of “copper-siderophors” as chalkophores (Greek for copper bearer or copper 
carrier) [4]. The distinguishing properties of chalkophores from amino acid based 
siderophores are: 1) the preferential binding of copper over iron and other metals; 
2) exudation by certain bacteria in response to copper limitations; and 3) copper 
displacement of iron in iron-containing methanobactin. Currently, the only published 
methanobactin structure is that from M. trichosporium OB3b [4,7]. Preliminary structural 
characterization of methanobactin from M. capsulatus Bath, M. album BG8, and a 
recently isolated facultative methanotroph, Methylocystis SB2 have shown that although 
the amino acid composition varies dramatically, they all contain heterocyclic ring(s) 
(oxazolone and/or imidazolone) which may also prove to be another defining 
characteristic of chalkophores. 
 
Abbreviations 
CBC   copper-binding compound 
Cu–mb  copper-containing methanobactin 
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EPR   electron paramagnetic resonance 
ITC   isothermal titration calorimetry 
mb   methanobactin 
MOB   methane oxidizing bacteria 
NMS   nitrate mineral salts 
pMMO  membrane-associated or particulatemethanemonooxygenase 
RT-PCR  reverse transcription polymerase chain reaction 
sMMO  soluble methane monooxygenase 
TOF LC/MS  Time-of-Flight Liquid Chromatograph/Mass Spectrometer 
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Figure 1.  Proposed structure of Cu-mb from M. trichosporium OB3b (modified from 
Belhing et al. [7]) 
 
 
Figure 2. Extracellular concentration of methanobactin from M. trichosporium OB3b (○, 
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●), M. capsulatus Bath (Δ, ▲), and M. album BG8 (■) cultured in media containing 
initial amended copper concentrations of 0.0, 0.2, 0.4, 0.7, 1.0, 2.0, 3.0, 5.0 or 10.0 µM. 
The copper concentration in NMS media not amended copper was approximately 0.03 
µM. Open symbols designate cells expressing the sMMO and close symbols for cells 
expressing the pMMO as determined by the naphthalene assay. The fermentor was run 
as a batch reactor where 80% or the media is replaced every 48 h. Under these culture 
conditions M. trichosporium OB3b and M. capsulatus Bath predominately expressed the 
sMMO whereas M. album BG8 exclusively expressed the pMMO. The values represent 
an average of 3, 4 or 7 different batch reactors for M. album BG8, M. capsulatus Bath or 
M. trichosporium OB3b, respectively. Top insert, RT-PCR of mmoX and pmoA from 
fedbatch reactors of M. capsulatus Bath. 
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Figure 3. UV–visible absorption spectra of methanobactin from M. album BG8 (A) and 
M. capsulatus Bath (B) as isolated and following 0.1 molar additions of CuSO4. (C) 
Absorption changes at 262 (●) and at 388–401 nm (○) following Cu(II) additions to mb 
from M. album BG8. The scale on the right was used for absorption changes at 262 nm 
and the scale at the left was used for absorption changes at 300–401 nm. (D) Absorption 
changes at 268 (●) and at 400 nm (○) following Cu(II) additions to mb from M. 
capsulatus Bath. The scale on the left was used for absorption changes at 268 nm and the 
scale at the right was used for absorption changes at 400 nm. 
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Figure 4. Emission spectra of mb from M. album BG8 (A–C) and mb from M. capsulatus 
Bath (D–F) in aqueous solution following excitation at 260 nm (A), 380 nm (B), 390 nm 
(C) 280 nm (D), 345 nm (E) and 390 nm (F) as isolated and following the addition of 
Cu(II) in 0.1 Cu per mb increments to a final copper–mb molar ratio of 1.0 Cu per mb. 
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Figure 5. X-band EPR spectra at 77 K of 5 mM mb from M. album BG8 containing 0.1, 
0.25, 0.4, 0.5., 0.6 and 1.0 Cu per mb in aqueous solutions under aerobic conditions. 
Experimental conditions: modulation frequency, 100 kHz, modulation amplitude, 
5G, time constant 100 ms, microwave frequency 9.219 GHz, and microwave power 
5 mW. 
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Figure 6. Thermogram (top panels) and binding isotherms (bottom panels) showing 
additions of CuSO4 (60 separate 5 µL injections from a 800 µM CuSO4 solution) to 100 
µM mb solution from M. album BG8 (A) and M. capsulatus Bath (B) in water at 25 °C. 
A two-site binding algorithm was used for both binding isotherms. 
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Figure 7. UV–visible absorption spectra of (A) 50 µM mb from M. trichosporium OB3b 
(Mt–mb) and following the addition of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 molar 
equivalents of Cu–mb from M. capsulatus Bath. (B) 50 µM mb from M. trichosporium 
OB3b (Mt–mb) and following the addition of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 
molar equivalents of Cu–mb from M. album BG8. 
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APPENDIX C: 
CONSTITUTIVE EXPRESSION OF pMMO BY Methylocystis 
strain SB2 WHEN GROWN ON MULTI-CARBON 
SUBSTRATES: IMPLICATIONS FOR BIODEGRADATION 
OF CHLORINATED ETHENES 
 
(Modified from an article published in the journal Environmental Microbiology Reports) 
 
Sukhwan Yoon, Jeongdae Im, Nathan Bandow, Alan A. DiSpirito, Jeremy D. Semrau 
 
Abstract 
The particulate methane monooxygenase (pMMO) in Methylocystis strain SB2 was found 
to be constitutively expressed in the absence of methane when the strain was grown on 
either acetate or ethanol. Realtime quantitative polymerase chain reaction (PCR) and 
reverse transcription-PCR showed that the expression of pmoA decreased by one to two 
orders of magnitude when grown on acetate as compared with growth of strain SB2 on 
methane. The capability of strain SB2 to degrade a mixture of chlorinated ethenes in the 
absence of methane was examined to verify the presence and activity of pMMO under 
acetate-growth conditions as well determine the effectiveness of such conditions for 
bioremediation. It was found that when strain SB2 was grown on acetate and exposed to 
40 mM each of trichloroethylene (TCE), transdichloroethylene (t-DCE) and vinyl 
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chloride (VC), approximately 30% of VC and t-DCE was degraded but no appreciable 
TCE removal was measured after 216 h of incubation. The ability to degrade VC and t-
DCE was lost when acetylene was added, confirming that pMMO was responsible for the 
degradation of these chlorinated ethenes by Methylocystis strain SB2 when the strain was 
grown on acetate. 
 
Introduction 
 
Methanotrophs are a group of bacteria that utilize methane as their sole source of 
carbon and energy. From both in situ experiments and studies with isolated laboratory 
strains, methanotrophs have been shown to degrade a wide range of chlorinated 
hydrocarbons, particularly chlorinated ethenes (Tsien et al., 1989; Semprini et al., 1990; 
Lee et al., 2006). In fact, methanotrophic-mediated oxidation of chlorinated ethenes has a 
comparative advantage over anaerobic biodegradation such as reductive dechlorination 
by Dehalococcoides, as methanotrophs more readily degrade smaller and more toxic 
compounds, i.e. transdichloroethylene (t-DCE) and vinyl chloride (VC) (Lee et al., 2006; 
Yoon and Semrau, 2008), which are often residual intermediates from anaerobic 
trichloroethylene (TCE) degradation (Maymo-Gatell et al., 1999). The first step in the 
methane oxidation pathway, the conversion of methane to methanol, is mediated by the 
methane monooxygenase (MMO). Two forms of MMO are known, one in the cytoplasm 
or soluble fraction (soluble MMO or sMMO) and another in the membrane or particulate 
fraction (particulate MMO or pMMO). Most known methanotrophs only express pMMO, 
but some can express both forms. For these organisms, expression is regulated by the 
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copper-to-biomass ratio: sMMO is expressed at very low copper-to-biomass ratio (< 5.64 
mmol Cu g-1 protein) while pMMO expression is stimulated when copper is more 
abundant (Hanson and Hanson, 1996; Nielsen et al., 1997; Morton et al., 2000; Murrell et 
al., 2000; Choi et al., 2003; Semrau et al., 2010). 
Both forms of the MMO have been shown to degrade chlorinated ethenes, 
including TCE, t-DCE and VC (Van Hylckama Vlieg et al., 1996; Scheutz et al., 2004; 
Lee et al., 2006; Yoon and Semrau, 2008). pMMO-expressing organisms have a much 
higher specificity for methane than sMMO-expressing organisms, and thus, exhibit much 
slower kinetics towards non-methane substrates. As a result, it was initially believed that 
expression and activity of sMMO is essential for effective degradation of chlorinated 
hydrocarbons (Oldenhuis et al., 1989; Hanson and Hanson, 1996). Recent research, 
however, discovered that the activity of sMMO towards methane is severely inhibited 
when high concentrations (> 50 mM) of TCE, t-DCE and VC are present because of 
inhibition of methane consumption and the toxicity of the products of chlorinated ethene 
oxidation (Lee et al., 2006; Yoon and Semrau, 2008). Methylosinus trichosporium OB3b 
expressing pMMO, was, however, able to maintain viability and growth at elevated 
concentrations of chlorinated ethenes, while also degrading more of the chlorinated 
ethenes than sMMO-expressing organisms despite its comparatively slow kinetics (Lee et 
al., 2006; Yoon and Semrau, 2008).  
As methanotrophs were initially believed to only grow on methane, a continuous 
supply of methane was deemed necessary to ensure methanotroph-mediated 
biodegradation regardless of which form of MMO was expressed. This can act as a 
significant drawback for in situ biodegradation given the poor solubility of methane in 
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water, slow mass transfer of methane from the gas to liquid phase, and competition of 
methane with chlorinated solvents for binding to either form of MMO. The discovery of 
facultative methanotrophs (Dedysh et al., 2005; Belova et al., 2010; Dunfield et al., 
2010; Im et al., 2010), however, indicates that methanotrophic degradation of chlorinated 
ethenes without methane might be possible, provided that either form of MMO is 
constitutively expressed and remains active in presence of the alternative growth 
substrate. In the case of Methylocystis sp. H2s, constitutive expression of pmoA was 
observed when the organism was grown in the presence of acetate and absence of 
methane (Belova et al., 2010). Chlorinated ethene degradation utilizing these facultative 
methanotrophs in the absence of methane, if possible, may be advantageous for in situ 
bioremediation strategies given the greater solubility of alternative growth substrates (e.g. 
acetate) and the lack of competition between the alternative growth substrate and various 
chlorinated ethenes for binding to the MMO. Here, we report the constitutive expression 
of pmoA by Methylocystis strain SB2 when this organism was grown on either acetate or 
ethanol in the absence of methane. Using real-time quantitative reverse transcription 
polymerase chain reaction (RT-PCR), we have quantified the expression of pmoA by 
Methylocystis strain SB2 when grown on either methane or acetate. To verify the 
presence of pMMO in Methylocystis strain SB2 when grown on acetate, we performed 
SDS-PAGE gel assays. To determine the usefulness of Methylocystis strain SB2 for 
biodegradation of chlorinated ethenes when grown on acetate, we examined the long-
term degradation of a mixture of TCE, t-DCE and VC. After initial confirmation of 
degradation activity, a selective inhibitor of pMMO, acetylene, was used to verify that 
pMMO was responsible for the observed degradation when Methylocystis strain SB2 was 
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grown on acetate. 
 
Results and discussion 
 
Constitutive espression of pmoA 
Previously, Methylocystis strain SB2 was found to be able to grow on methane, 
ethanol and acetate (Im et al., 2010). RT-PCR assays indicated that pmoA was expressed 
by strain SB2 when grown on either methane, ethanol or acetate as the sole carbon and 
energy source, i.e. pmoA expression was constitutive with respect to carbon source 
(Fig. 1). Confirmation of pMMO expression in both methane- and acetate-grown cells 
was provided via SDSPAGE gels (Fig. 2)  
This is in contrast to the earlier finding that Methylocella silvestris BL2T did not 
express sMMO (the only form of MMO it can express) when grown on acetate (Theisen 
et al., 2005). It is known that the moderate acidophile Methylocystis strain H2s also 
constitutively expresses pMMO in the absence of methane and presence of acetate 
(Belova et al., 2010) but to the best of our knowledge, similar information has not been 
presented for other acidophilic or mesophilic facultative methanotrophs, e.g. 
Methylocapsa aurea KYGT, Methylocystis heyeri H2T or Methylocystis echinoides 
IMET10491T.  
 
Real-time PCR and quantitative RT-PCR analyses  
Real-time quantitative RT-PCR was performed to confirm and quantify the 
expression of pmoA in Methylocystis strain SB2 grown on acetate as compared with the 
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strain grown on methane. Specific primers were designed de novo from the partial 16S 
rRNA (GU734136) and pmoA (GU734137) sequences of Methylocystis strain SB2 using 
the Primer3 program (Rozen and Skaletsky, 2000). The forward and reverse primers (5′–
3′) for partial 16S rRNA gene amplification were 
AGTGGAACTGCGAGTGTAGAGGTG and ACCAGGGTATCTAATCCTGTTTGCT, 
respectively, to create an amplicon 131 bp in length. The forward and reverse primers 
(5′–3′) for partial pmoA gene amplification were GGATCAACCGCTACGTCAACTTCT 
and AGCCGAGCGAACCAACAATC, respectively, to create an amplicon 152 bp in 
length. 16S rRNA gene copy number and transcripts were calculated from measured Ct 
values using a calibration curve based on six plasmid preparations with known 16S rRNA 
copy numbers ranging from 104 to 109 per microlitre (see Supporting information). 
Similarly, the copy numbers of pmoA gene copy number and transcripts were calculated 
from measured Ct values using a calibration curve based on six plasmid preparations with 
known pmoA copy numbers ranging from 103 to 108 per microlitre (Supplementary 
Fig. S1).  
As shown in Table 1, the ratio of the copy number of 16S rRNA transcripts to 16S 
rRNA gene copy number remained relatively constant under most growth conditions, 
save for a twofold decrease in the sample collected from strain SB2 grown to an OD600 
of 0.15 on acetate (significantly different at a 97% confidence interval from all other 
measurements). This suggests that Methylocystis strain SB2 activity may be reduced as 
the organism approaches the stationary phase when grown on acetate while the same 
trend does not happen when the organisms are grown on methane. At this time, it is not 
known why such a reduction in overall transcription activity occurred, but it is believed 
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that acetate uptake dissipates the proton motive force (Axe and Bailey, 1995), possibly 
reducing cell activity over time.  
Also as shown in Table 1, the ratio of pmoA transcript to the copy number of 
pmoA in chromosomal DNA was constant for methane-grown organisms at two different 
cell densities. The same trend was found when the ratio of pmoA transcript number:pmoA 
gene copy number was normalized to overall rRNA transcript levels (last column of 
Table 1). Expression of pmoA, although measurable when Methylocystis strain SB2 was 
grown on acetate, was not constant, i.e. the quantity of pmoA transcript decreased 
approximately eightfold as strain SB2 was grown on acetate from an OD600 of 0.11 to 
0.15 (significantly different at a 99% confidence interval). Normalization of pmoA 
expression to overall transcription activity reduced this difference to approximately 
threefold (significantly different at a 99% confidence interval). The pmoA 
transcript:pmoA gene copy number ratio was 15- to 100-fold lower in strain SB2 grown 
on acetate compared with when the strain was grown on methane (significant at a 99% 
confidence interval). A similar decrease in pmoA expression of acetate versus 
methane-grown organisms was found when the ratio of pmoA transcript number:pmoA 
gene copy number was normalized to overall rRNA transcript levels (11- to 46-fold 
difference, significant at a 99% confidence interval). The copper-to-biomass ratio is 
known to regulate pmoA expression (Murrell et al., 2000), and it is possible, from the 
results presented here, positive regulation by methane may be another mechanism 
regulating the expression of pmoA in Methylocystis strain SB2. Such substrate stimulation 
of transcription has been observed for the expression of hydroxylamine oxidoreductase 
(HAO) genes in Methylococcus capsulatus Bath (Poret- Peterson et al., 2008). 
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Growth and chlorinated ethene degradation 
When grown on methane, growth of Methylocystis strain SB2 was reduced in the 
presence of an equimolar mixture of TCE, t-DCE and VC (Fig. 3A). In the absence 
of chlorinated ethenes, the specific growth rate was 0.057 h-1, and decreased to 0.03 h-1 
in the presence of40 mM each of TCE, t-DCE and VC. The maximum cell density, 
however, was unaffected by the addition TCE, t-DCE and VC. After 97.5 h of growth on 
methane at 30°C, Methylocystis strain SB2 completely degraded t-DCE and VC and 
removed c. 40% of TCE (Table 2). This result was comparable to the previous results 
obtained with another type II methanotroph, M. trichosporium OB3b expressing pMMO 
where it was found that when 50 mM each of VC, t-DCE and TCE was added, 97%, 98% 
and 35% was degraded after 110 h of growth on methane respectively (Lee et al., 2006). 
When Methylocystis strain SB2 was grown on acetate with 10 mM copper, no inhibition 
of growth was observed during the initial phase of growth (0–72 h). Later, however, 
growth in the presence of chlorinated ethenes did not go beyond an OD600 of ~0.08 (Fig. 
3B). Although Methylocystis strain SB2 did not grow to high densities in the presence of 
these chlorinated ethenes, significant biodegradation of these compounds was observed, 
particularly t-DCE and VC. As can be seen in Table 2, ~30% of t-DCE and VC was 
removed during 216 h of incubation. Removal of TCE, however, was not significantly 
distinguishable from abiotic losses.  
Acetylene, a selective inhibitor of pMMO, was added to Methylocystis strain SB2 
grown on acetate in the absence and presence of chlorinated ethenes to confirm that 
biodegradation was due to the presence of active pMMO. As can be seen in Fig. 3B, 
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when acetylene was added to the headspace of the serum vials, the growth of 
Methylocystis strain SB2 was unaffected by the presence of the chlorinated ethenes. No 
degradation of chlorinated ethenes was observed, however, for these samples (Table 2), 
indicating that the degradation of t-DCE and VC in the absence of acetylene was due to 
active pMMO in Methylocystis strain SB2. Although VC and t-DCE were degraded by 
Methylocystis strain SB2 when grown on acetate in the absence of acetylene, as noted 
earlier, cell growth was inhibited. Collectively, these data provide evidence that the 
chlorinated ethenes themselves were not toxic at this concentration, but methanotrophic 
activity was inhibited by product(s) of chlorinated ethene oxidation as suggested earlier 
by Van Hylckama Vlieg and colleagues (1997). 
In summary, this study has revealed the expression of pmoA in a facultative 
methanotroph grown either on acetate or on ethanol in the absence of methane, as well 
as active pMMO when grown on acetate. This information may be helpful in developing 
more effective in situ biodegradation strategies with methanotrophic bacteria. Knowing 
that at least some methanotrophs can grow and express active MMOs in the absence of 
methane, more sophisticated bioremediation strategies such as periodic addition of 
methane along with continuous addition of acetate (or ethanol) might prove promising 
alternatives. More research is needed to apply such facultative methantotrophs at the field 
scale. Developing means to assess the abundance of these organisms in situ, and finding 
ways to selectively stimulate the growth of these organisms while maintaining high levels 
of pMMO expression, are among the issues that need to be addressed. 
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Cell pellets were collected from Methylocystis strain SB2 grown on methane (1:1 
methane-to-air ratio) or acetate (0.1% w/v) in nitrate mineral salt (NMS) medium 
(Whittenbury et al., 1970). Genomic DNA was prepared from these samples by lysing the 
pellets collected from 1.5 ml of culture samples by bead beating (Han and Semrau, 2004) 
followed by three freeze–thaw cycles (Dedysh et al., 1998). Genomic DNA was then 
extracted using the phenol-chloroform extraction as described by Dedysh and colleagues 
(2005). The final DNA samples were then collected in 50 ml of distilled-deionized water. 
Total RNA was extracted from 1.5 ml of culture samples as described by Han and 
Semrau (2004). The final RNA samples were then collected in 36 ml of distilled-
deionized water. Real-time quantitative PCR and RT-PCR were performed in triplicate 
using RealMasterMix SYBR ROX solution (5 Prime, Gaithersburg, MD) with the 
original primer sets targeting 16S rRNA and pmoA (Table 1). A three-step cycle with an 
initial denaturation step was used for assays with both 16S rRNA and pmoA genes: initial 
denaturation at 94°C for 2 min and 40 cycles of denaturation (94°C for15 s), annealing 
(58°C for 20 s) and extension (68°C for 30 s). The raw copy number data were adjusted 
for the different final dilutions of DNA and RNA prior to real-time PCR and RT-PCR. 
The standard deviation reported in parentheses were calculated using propagation of 
error, and are predominantly due to variability in biological replicates and not from 
instrument sensitivity (see Supporting information for standard curves of pmoA and 16S 
rRNA). 
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a. To measure any leakage and abiotic loss from the serum vials, negative controls were 
prepared by adding 40 mM TCE, t-DCE and VC to serum vials with 5 ml of sterile NMS 
medium. Measurements were taken with HP5890 Series II gas chromatograph as 
previously described by Lee and colleagues (2006). 
 
 
Figure 1. pmoA expression of the strain SB2 grown on NMS medium with 10 mM 
copper and either: (A) methane (15% v/v in the headspace), (B) ethanol (0.1% v/v) or (C) 
acetate (0.1% w/v as sodium acetate) as determined using reverse transcription-
polymerase chain reaction (RT-PCR) assays. Lane 1: 100 bp DNA ladder; lane 2: PCR 
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on cDNA reverse-transcribed from mRNA of strain SB2 grown on methane, ethanol or 
acetate; lane 3: PCR controls on mRNA extracted from strain SB2; lane 4: negative 
control (ddH2O). Arrow indicates size of expected PCR product. RNA was extracted 
following previously developed procedures with minor modifications (Han and Semrau, 
2004). Organisms were collected after 72 h (OD600 = 0.45), 72 h (OD600 = 0.07) and 
120 h (OD600 = 0.22) of growth on methane, ethanol or acetate, respectively, by 
centrifugation at 12 000 r.p.m. for 5 min at 4 °C. Organisms were then disrupted by six 
30 s cycles of bead beating with being put on ice for 1 min in between each bead-beating 
cycle. RNA extraction was performed using Qiagen RNeasy kit according to 
manufacturer’s instructions (Qiagen, Valencia, CA). After being treated with RNase-free 
DNase I (Promega, Madison, WI) to remove any DNA contamination, DNase-treated 
RNA was purified using the Qiagen RNeasy kit according to manufacturer’s instructions 
(Valencia, CA, USA). RNA was then reverse-transcribed using SuperScript II reverse 
transcriptase with 250 ng of random primer (Invitrogen, Carlsbad, CA) according to 
manufacturer’s instructions (Invitrogen, Carlsbad, CA) to obtain cDNA. PCR 
amplification was then performed using pmoA-specific primers A189-mb661 (Costello 
and Lidstrom, 1999). 
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Figure 2. SDS-polyacrylamide slab gel electrophoresis of whole-cell extracts of 
Methylocystis strain SB2 cultured on NMS medium with 5 mM copper and either 0.1% 
(w/v) acetate as sodium acetate (lane B) or 15% (v/v in the headspace) methane (lane D). 
SDS-PAGE was carried out by the Laemmli (1970) method on 12% gels. Gels were 
stained for total protein with Coomassie brilliant blue R. Polypeptides representing the 
expected molecular masses for thea-, b- and g-subunits of the pMMO are marked. Lanes 
A and C represent molecular mass standards (204, 123, 80, 48, 34.3, 28.8, 20.7, 7.1 kDa). 
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For growth of Methylocystis strain SB2 on either acetate or methane, the organism was 
first streaked onto NMS agar plates and incubated in the presence of methane, or streaked 
onto NMS agar plates with acetate. Inoculums were then taken to seed 50 ml of NMS 
medium with the same substrate. These cultures were then used to ultimately inoculate 
500 ml of NMS medium with the same substrate. 
 
  
158 
 
Figure 3. Growth of Methylocystis strain SB2 solely on NMS medium with 10 mM 
  
159 
copper and either (A) methane (15% v/v in the headspace) or (B) acetate (0.1% w/v as 
sodium acetate) in the presence/absence of equimolar concentrations (40 mM) of 
trichloroethylene (TCE), trans-dichloroethylene (t-DCE) and vinyl chloride (VC) and/or 
acetylene (1% v/v in the headspace). Symbols in (A): _ – methane only (positive control); 
• – methane and 40 mM each of TCE, t-DCE and VC. Symbols in (B): _ – acetate only 
(positive control); • –acetate and 40 mM each of TCE, t-DCE and VC; _ – acetate and 
acetylene; X – acetate, acetylene, and 40 mM each of TCE, t-DCE and VC. Methylocystis 
strain SB2 was initially grown on methane (1:1 methane-to-air ratio) to the mid-
exponential phase [OD600 of 0.3–0.4 as measured using a Spectronic 20 spectrometer 
(Milton Roy Company, USA)]. Before transferring for growth on either acetate or 
methane, the flasks were flushed 10 times with air and allowed to equilibrate after each 
flushing to eliminate any methane dissolved in the medium. The cultures were then 
diluted to an OD600 of 0.06 with fresh NMS medium. Five ml aliquots were added to 
serum vials specially fabricated to measure growth as OD600 over time and respective 
growth substrates were added. For addition of methane, 5 ml of headspace was replaced 
with > 99.99% methane after sealing the vials for a final concentration of 15% v/v in the 
headspace. For addition of acetate, sodium acetate stock solution was pipetted for a final 
concentration of 0.1% w/v before sealing. Growth was monitored by measuring 
absorbance at 600 nm (OD600). Bars indicate the range of duplicate samples. 
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APPENDIX D: 
A COMPARISON OF METHANOBACTINS FROM 
Methylosinus trichosporium OB3b and Methylocystis strain SB2 
PREDICTS METHANOBACTINS ARE SYNTHESIZED 
FROM DIVERSE PEPTIDE PRECURSORS MODIFIED TO 
CREATE A COMMON CORE FOR BINDING AND 
REDUCING COPPER IONS 
 
(Modified from a paper in the journal Biochemistry) 
 
Benjamin D. Krentz, Heidi J. Mulheron, Jeremy D. Semrau, Alan A. DiSpirito Nathan L. 
Bandow, Daniel H. Haft, Stephane Vuilleumier, J. Colin Murrell, Marcus T. 
McEllistrem, Scott C. Hartsel, and Warren H. Gallagher 
 
Abstract 
Methanobactins (mb) are low-molecular mass, copper-binding molecules secreted 
by most methanotrophic bacteria. These molecules have been identified for a number of 
methanotrophs, but only the one produced by Methylosinus trichosporium OB3b (mb-
OB3b) has to date been chemically characterized. Here we report the chemical 
characterization and copper binding properties of a second methanobactin, which is 
produced by Methylocystis strain SB2 (mb-SB2). mb-SB2 shows some significant 
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similarities to mb-OB3b, including its spectral and metal binding properties, and its 
ability to bind and reduce Cu(II) to Cu(I). Like mb-OB3b, mb-SB2 contains two five-
member heterocyclic rings with associated enethiol groups, which together form the 
copper ion binding site. mb-SB2 also displays some significant differences compared 
to mb-OB3b, including the number and types of amino acids used to complete the 
structure of the molecule, the presence of an imidazolone ring in place of one of the 
oxazolone rings found in mb-OB3b, and the presence of a sulfate group not found in mb-
OB3b. The sulfate is bonded to a threonine-like side chain that is associated with one of 
the heterocyclic rings and may represent the first example of this type of sulfate group 
found in a bacterially derived peptide. Acid-catalyzed hydrolysis and decarboxylation of 
the oxazolone rings found in mb-OB3b and mb-SB2 produce pairs of amino acid residues 
and suggest that both mb-OB3b and mb-SB2 are derived from peptides. In support of 
this, the gene for a ribosomally produced peptide precursor for mb-OB3b has been 
identified in the genome of M. trichosporium OB3b. The gene sequence indicates that the 
oxazolone rings in mb-OB3b are derived from the combination of a cysteine residue and 
the carbonyl from the preceding residue in the peptide sequence. Taken together, the 
results suggest methanobactins make up a structurally diverse group of ribosomally 
produced, peptide-derived molecules, which share a common pair of five member rings 
with associated enethiol groups that are able to bind, reduce, and stabilize copper ions in 
an aqueous environment. 	  
Introduction 
 
Methanobactins are the first characterized examples of chalkophores, or small, 
copper-binding peptides, which are involved in the acquisition of copper by 
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methanotrophic bacteria (1). Although many methanotrophs produce methanobactins (2), 
the structure of a methanobactin has only been characterized for one produced by 
Methylosinus trichosporium OB3b, a member of the α-Proteobacteria (3, 4). This 
methanobactin utilizes two oxazolone rings, each associated with an enethiol group, that 
together create a site for copper ion binding. It also contains seven amino acid residues, 
along with what appear to be two partial amino acid residues that are associated with 
each of the oxazolone rings. The chemical structure of mb-OB3b1 is shown in Figure 1.  
Recently, a novel methanotroph, Methylocystis strain SB2, has been described (5). 
Like M. trichosporium OB3b, it is an α-Proteobacterium that produces a methanobactin. 
However, unlike M. trichosporium OB3b, Methylocystis strain SB2 can express only the 
copper- and iron-containing particulate methane monooxygenase (pMMO) (6) and not 
the iron-containing soluble methane monooxygenase (sMMO) (5). Furthermore, 
Methylocystis strain SB2 is one of only a handful of methanotrophs shown to be capable 
of growing on multicarbon substrates, and also of constitutively expressing pMMO, in a 
manner independent of the growth substrate (7). Because Methylocystis strain SB2 can 
express only pMMO, which has an absolute requirement of copper for its activity, the 
organism is expected to possess a mechanism(s) for acquiring the needed copper from its 
surroundings.  
Here we report the chemical structure for a methanobactin isolated from 
Methylocystis strain SB2 (mb-SB2) and compare it to the previously characterized one 
produced by M. trichosporium OB3b. We find the two molecules share a number of 
common, core features, specifically, the two heterocyclic ring systems that are each 
associated with an enethiol and are utilized for copper binding. However, instead of two 
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oxazolone rings, mb-SB2 contains one oxazolone ring and one imidazolone ring. The 
structures are also similar in that both suggest that they are likely synthesized from 
peptides made from standard amino acids. We have confirmed this for mb-OB3b by 
identifying a gene in M. trichosporium OB3b that encodes the precursor peptide for mb-
OB3b. Besides the difference with the identity of the one heterocyclic ring used for 
copper binding, mb-SB2 also differs from mb-OB3b in a number of other characteristics. 
(1) With an exact mass of 851.201 Da, it is ∼26% smaller than mb-OB3b. (2) It 
comprises fewer, and different, amino acid residues than mb-OB3b. (3) It utilizes 
different residues for the formation of the heterocyclic rings. (4) It contains a sulfate 
group that is attached to a threonine-like side chain. This may be the first reported finding 
of an O-sulfothreonine in a prokaryotic system. Collectively, the data presented suggest a 
significant structural diversity among the methanobactins made by methanotrophs. This 
diversity may be a key factor controlling the structure of methanotrophic communities 
(8). 
Materials and methods 
Isolation of Methanobactin from Methylocystis Strain SB2 and M. trichosporium OB3b. 
Methylocystis strain SB2 and M. trichosporium OB3b were cultured for 
methanobactin isolation in nitrate mineral medium (9) amended with 0.2 µM CuSO4, as 
previously described (10). For 15N-labeled methanobactin, 60% K15NO3 was used as the 
sole nitrogen source. Methanobactin was separated from cells in the culture medium 
using a Centramate PE tangential flow filtration system containing an OS030C10 
Centramate 30000 Da molecular mass filter cassette (Pall Corp., Framingham, MA). The 
filtrate was loaded directly onto a 50 mm x 200 mm Dianion HP20 column (Sigma 
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Chemical Co., St. Louis,MO) andwashed with 2-3 bed volumes of distilled, deionized 
H2O. Methanobactin was eluted with a 60% acetonitrile/40% H2O mixture, frozen as 
pellets in liquid nitrogen, and freeze-dried. 
 
UV-Visible Spectrophotometry.  
UV-visible spectra were recorded on a Cary 50, UV-visible spectrophotometer 
fitted with a thermostatically controlled sample holder. Spectra were analyzed using Igor 
Pro version 6.1. 
 
HPLC and Mass Spectrometry.  
Analytical LC-MS runs were conductedonanAgilent 6120LC-MS instrument 
equipped with amodel 1200HPLC systemand an ESI-TOF mass detector. The mass 
spectrometer was calibrated using Agilent’s ESI-L tuning mix. Samples were loaded on 
an Agilent 4.6 mm x 150 mm Eclipse XD8-C18 reverse-phase column and eluted at a 
flow rate of 1 mL/min with a linear gradient from 1 to 99% methanol in H2O containing 
either 0.01% acetic acid or 1 mM ammonium acetate. Mass spectra were analyzed using 
Applied Biosystem’s Analyst. 
Preparative HPLC runs were conducted on a Rainin Dynamax HPLC system 
equipped with a Varian ProStar 330 UV-visible diode array detector. Runs were analyzed 
using Varian’s Star Workstation version 6.3 suite of applications. Samples with 
concentrations ranging from 4 to 10 mg/mL were loaded on a Hamilton 7 mm x 305 mm 
PRP-3 semipreparative reverse-phase column and eluted at a flow rate of either 1.5 or 3 
mL/min with the same solvents and gradients used for the analytical LC-MS runs. 
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Accurate Mass Determinations.  
Accurate mass determinations were achieved via direct injection of a sample into 
the Agilent 6120 ESI-TOFmass spectrometer. The spectrometer was calibrated in 
negative ion mode just prior to a run. The sampleswere also made up to contain internal 
reference masses. This was done by mixing 5 µL of a 10 mg/mL aqueous solution of 
methanobactin with 1 mL of the Agilent ESI-L tuning mix. The presence of the internal 
reference masses allowed us to recalibrate themass spectrumafter the run by using them/z 
peaks of two of the mass standards that had m/z values in the same range as our sample, 
301.998139 and 601.978977.  
 
Producing Cu-Bound Methanobactin. 
We made Cu-bound mb-SB2 by dissolving metal-free mb-SB2 to a concentration 
of approximately 4 mg/mL in 10 mM phosphate buffer (pH 6.5). This solution was taken 
to a copper:mb molar ratio of 0.5:1 via addition of Cu(II) as aqueous CuSO4. We will 
show that the copper ion bound to mb-SB2 is Cu(I). One of the reasons for staying below 
one added Cu(II) per mb-SB2 molecule is to reduce the possibility of contaminating our 
Cu(I)-mb-SB2 samples with paramagnetic Cu(II) ions, which would affect the ability to 
conduct NMR studies. As with mb-OB3b, copper binding by mb-SB2 leads to a release 
of protons; thus, the pHwas readjusted to 6.5 with 100 mM NaOH following the additions 
of CuSO4.  
Cu-bound mb-SB2 [Cu(I)-mb-SB2] was isolated by preparative HPLC as 
described above. The peak fraction containing Cu(I)-mb-SB2, as judged by it UV-visible 
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spectrum, was collected and pooled with the peak fractions from multiple HPLC runs. 
The methanol in the pooled fractions was removed prior to lyophilization by either rotary 
evaporation at 35 ˚C or dialysis against water using SpectraPor/CE dialysis tubing. 
Lyophilized samples were stored at -85 ˚C. This same procedure was also used to prepare 
an isolated sample of 15N-enriched Cu(I)-mb-SB2.  
Because previous studies have indicated no difference in the results obtained 
when Cu(I)-mb-OB3b is produced either aerobically or anaerobically (15), no efforts 
were made in these studies to exclude oxygen. 
 
NMR Spectroscopy.  
Nuclear magnetic resonance (NMR) experiments were conducted on a 400 MHz 
Bruker Avance II NMR spectrometer equipped with a variable-temperature unit and 
either a 5 mm TXI, Z-gradient indirect detection probe or a 5 mm BBO, Z-gradient 
broadband probe. Lyophilized mb samples were dissolved to a concentration between 1 
and 4 mg/mL in one of three solvents [d6-DMSO, D2O, or 90%H2O/10% D2O containing 
9mM phosphate (pH 6.5)] and placed in Shigemi NMR tubes (Shigemi, Inc., Allison 
Park, PA). NMR experiments were conducted at both 5 and 25 ˚C. Spectra were analyzed 
using both Sparky version 3.115 (University of California, San Francisco, CA) and 
iNMR version 3.5.1 (Nucleomatica, Carabellese, Italy). Spectra were referenced to the 
HDO peak based on an experimental determination of the position of the HDO peak 
relative to the TSP peak as a function of temperature. 
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XPS.  
X-ray photoelectron spectroscopy (XPS) was performed on a home-built system 
that includes a model Phoibos-150 hemispherical analyzer (SPECS Surface Nano 
Analysis, Clearwater, FL). The instrument includes a load lock and operates at a routine 
base pressure of 2.5 x 10-10 Torr. The spectrometerwas calibrated on the Ag3d5/2 state for 
Ar+-sputtered silver foil and the C1s state from HOPG graphite (Alfa Aesar). Samples 
were illuminated with Al KR X-rays (hν = 1486.7 eV) from a source operated at 200 W. 
Spectra for nitrogen, sulfur, and copper were recorded using a consistent spot size of 1.2 
mm, normal emission, and a pass energy of 20 eV for all samples. The total illumination 
time for a sample was ∼45 min. Efforts to evaluate X-ray-induced changes in spectra 
showed no changes. Using the C1sHOPGsignal, a gold foil, and the Cu2+ signal from 
pure CuCl2, we determined that the N1s peak showed no appreciable change in peak 
shape or binding energy; the peak was consistently observed at 399.6 eV and served as 
the reference for all spectra collected. No instrumental methods were employed to offset 
sample charging.  
Lyophilized Cu(I)-mb-SB2 was dissolved in a minimal volume of water, dripped 
onto a HOPG crystal, dried onto the crystal under a stream of N2, and loaded into the 
vacuum chamber. We prepared metal-free mb-SB2 samples by dissolving the 
methanobactin in a minimal amount of water and deposited on the HOPG crystal in the 
same manner as the Cu(I)-mb-SB2 sample. No efforts were made to handle solutions in 
an anaerobic environment.  
Spectra were fitted to a Shirley background, with peaks having a fixed 30:70 
Gaussian:Lorentzian ratio using the XPS fitting program CASA XPS. The S2p peak 
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splitting was not resolved but fit to two states. The 2p1/2 area was constrained to be half 
that of 2p3/2 and shifted to a higher binding energy by 1.18 eV. All states were 
constrained to a fwhm between 1.9 and 2.2 eV, based on the fwhm of 1.9 eV observed for 
the N1s peak.  
 
Acid-Catalyzed Hydrolysis of Metal-Free mb-OB3b and mb-SB2.  
We conducted acid-catalyzed hydrolysis of metal-free mb-OB3b and mb-SB2 by 
dissolving lyophilized methanobactin in either aqueous acetic acid or HCl. The acetic 
acid concentrations ranged from 0.01% (1.7 mM) to 0.1% (17 mM), while the HCl 
concentrations ranged from 1 mM to 1 M. To monitor hydrolysis using UV-visible 
spectrophotometry, 50 µM mb was prepared and the reaction monitored in a sealed 
cuvette at 25 ˚C in a thermostatically controlled sample holder. In other experiments, the 
products of hydrolysis were isolated and characterized. For these experiments, the mb 
concentrations ranged from 4 to 10 mg/mL in either acid and the mixtures were incubated 
in the dark at room temperature. The hydrolysis was halted by neutralization with either 
NaOH or NH4OH prior to fractionation of the products by preparative HPLC. 
 
Genomics Analyses.  
All nucleotide sequences available from NCBI for M. trichosporium OB3b were 
collected and searched by tblastn (11) with the sequence LXGSCYPXSCM. The 
maximum possible start-to-stop open reading frame containing the matching sequence, 
found inGenBank sequenceADVE01000073.1 but not annotated as a gene, was translated 
to protein and searched (with translation) by tblastn against NCBI’s nonredundant nucleic 
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acid database, with an E value limit set to 100 and lowcomplexity filtering turned off. For 
the single matching sequence found, the maximal possible start-to-stop open reading was 
identified, translated to protein, and aligned with MUSCLE (12) with the M. 
trichosporium OB3b sequence.  
To identify a candidate maturation enzyme cluster for methanobactin precursor 
sequences, we searched proteins encoded near the putative methanobactin precursor 
sequence from ADVE01000073.1 against the NCBI nonredundant protein sequence 
database with default parameters. 
 
Solvents and Reagents.  
All solvents and reagents used were reagent grade or better. We further purified 
house RO water by passing it through a Barnstead NANO pure II system to produce 
water with a resistivity of >17 MΩ cm. 
 
Results 
Comparison of UV-Visible Absorption by mb-SB2 and mb-OB3b and Its 
Response to Cu(II) Exposure. The UV-visible spectrum of mb-SB2, though not identical 
to that of mb-OB3b, shares many of the same features (Figure 2). In particular, at 
wavelengths above 310 nm there are two characteristic peaks. For metal-free mb-OB3b, 
these are located at 394 and 340 nm and have previously been assigned to the 
chromophoric A and B oxazolone ring systems, respectively (Figure 1) (3). The spectrum 
for metal-free mb-SB2 shows a similar pair of peaks at 387 and 338 nm. The spectral 
changes formb-SB2 accompanying the exposure to Cu(II) are also similar to those 
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observed with mb-OB3b (13). We will show below that like the case for mb-OB3b, the 
copper that is found bound to mb-SB2 is reduced to Cu(I). Though the spectral changes 
that occur with each addition of Cu(II) are complete in less than a second, 5min was 
allowed to elapse between each addition and the acquisition of the corresponding 
spectrum. The changes in the UV-visible spectrum upon exposure to Cu(II) suggest that 
like mb-OB3b, mb-SB2 contains a pair of chromophoric groups that are involved in Cu 
ion binding. 
Mass Spectrometry of Metal-Free mb-SB2 Reveals a Substantially Different Mass 
Compared to mb-OB3b. An accurate mass determination was made on the metal-free mb-
SB2. Figure S1 (Supporting Information) shows the m/z peaks obtained for the -2 
charged species of metal-free mb-SB2, [M - 2H+]2-. We also observed the [M – H+]1- 
and [M -3H+]3- charged species (data not shown), along with m/z peaks for mb-SB2 in 
complexes with ions from adventitious sources, specifically, the -2 charged species of 
mb-SB2 in a complex with one sodium ion, [M + Na - 3H+]2-, one potassium ion, [M + 
K+ - 3H+]2-, and one zinc ion, [M + Zn2+ - 4H+]2-. On the basis of these six species, the 
exactmass ((standard error) for the neutral, metal-free mb-SB2 was determined to be 
851.2006 (0.0012 Da. This mass is 26% lower than for the neutral form of metal-free mb-
OB3b (1154.2636 Da) (3) and indicates some marked differences in composition between 
the two methanobactins.  
Mass Spectrometry of Cu-Bound mb-SB2 Reveals That a Single Cu Ion Is Bound 
as Cu(I). Cu-bound mb-SB2 was prepared as described in Materials and Methods and 
isolated by preparative HPLC. Before being isolated, the sample was first characterized 
by LC-MS. Figure 3 shows an example of an elution profile for unpurified Cu-bound mb-
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SB2, along with the mass spectrum for the largest peak fraction. This peak contains both 
the -1 and -2 charged species of a single component. The isotope pattern (inset ofFigure 
3) is that expected for aCu-bound peptide. The calculated mass for the neutral, metal-free 
mb-SB2, based on the m/z values for two observed Cu-bound species, is 851.201 Da, 
when the species are assumed to be [M + Cu - 2H+]1- and [M + Cu - 3H+]2-. This is in 
good agreement with the mass determined directly from the metal-free form of mb-SB2 
(851.2006 Da). It is significant to note that the mass of the Cu bound mb-SB2 supports an 
assertion that the bound copper ion is Cu(I), because the binding of a Cu(II) ion ([M + 
Cu2+ - 3H+]1- and [M + Cu2+ - 4H+]2-) would result in a calculated neutral mass that is 1 
Da lower. Later we will show that this assertion is supported by XPS measurements. Like 
mb-OB3b, mb-SB2 is able to reduce the Cu(II) ion to Cu(I) upon binding and to do so 
without altering the chemical structure of the mb-SB2 that binds the Cu(I) ion. The 
binding of copper ions by mb-OB3b is known to dramatically increase its chemical 
stability (14, 15). We have found the same to be true for Cu(I)-mb-SB2. Consequently, 
we chose to conduct further structural analyses of Cu(I)-mb-SB2. 
Chemical Structure of Cu(I)-mb-SB2 As Determined by NMR Spectroscopy. 
Figure 4 shows the 1H and 15N spectra of Cu(I)-mb-SB2. The narrow lines in the 1H 
spectrum support the argument that the bound copper is Cu(I), and not paramagnetic 
Cu(II). The 15N spectrum reveals thatmb-SB2 contains 11 nitrogen atoms, one more than 
mb-OB3b. A variety of two-dimensional (2D) experiments were conducted on Cu(I)-mb-
SB2 to make resonance assignments and to observe the 1H-1H, 1H-13C, and 1H-15N 
correlations that were used to deduce a chemical structure for mb-SB2. These 
experiments included 1H-1H COSY, 1H-1H TOCSY, 1H-1H ROESY, 1H-13C HSQC, 1H-
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13C HMBC, 1H-15N HSQC, and 1H-15N HMBC.The 1H, 13C, and 15N resonance 
assignments for mb-SB2 are listed in Table S1 (Supporting Information), and a summary 
of the observed correlations is shown in Figure S2 (Supporting Information). Figure 5 
shows the proposed structure of mb-SB2 based on the NMR analyses. This structure 
highlights a number of substantial differences compared to themb-OB3b structure. The 
A-ring is an imidazolone instead of an oxazolone. In support of this finding, the N1 atom 
of the A-ring, along with the attached H1 atom, is observed in both direct and indirect 
detection experiments. In the 1H spectrum (Figure 4A), the H1 atom appears as a singlet, 
downfield at 11.26 ppm, and in the 15N spectrum (Figure 4B), the N1 atom is located at 
174 ppm, between the amide nitrogens (111-145 ppm) and the two remaining ring 
nitrogens, N3 (232 and 292 ppm). The assignment of the 292 ppm resonance to the N3 
atom of the imidazolone A-ring was	  made on the basis of multibond correlations 
observed in the	  1H-15N HMBC experiment (Figure S2 of the Supporting Information).	  
Like mb-OB3b, both rings are associated with what	  looks like a portion of an amino acid, 
but the identities of these	  amino acids differ in all four cases observed so far. The 
carbonyl	  carbons from the partial amino acids appear to be incorporated as	  the C2 atom of 
the adjacent ring. Also, for the partial amino acids	  that are associated with the A-rings, it 
appears that the CR atom is deaminated and oxidized to a ketone. For mb-OB3b, the 
partial amino acid associated with the A-ring is leucine while that with the B-ring is 
proline (Figure 1). For mb-SB2, the partial amino acid associated with the A-ring is 
arginine while that with the B-ring is threonine (Figure 5). The identities of the intact 
amino acid residues are also quite different. For mb-OB3b, they include Gly1, Ser2, Cys3, 
Tyr4, Ser5, Cys6, and Met7, while for mb-SB2, they include Ala1, Ser2, Ala3, and Ala4. 
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The only unusual feature found in the NMR spin systems for the amino acids in mb-SB2 
was the notable downfield shift for the amide proton of the Ala1 residue, at 11.7 ppm 
(Figure 4A). The resonance for the corresponding amide nitrogen of Ala1, at 145 ppm, is 
also the furthest downfield of all of the amide nitrogens (Figure 4B). The unusual 
downfield shift in the amide proton for Ala1 was observed for both the Cu(I) and metal 
free form of mb-SB2, suggesting the downfield shift is due to the participation of the 
amide nitrogen in the extended conjugated system that is set up by the adjacent 
imidazolone. In mb-OB3b, the amide proton for the Gly1 residue (Figure 1), which 
occupies the equivalent position adjacent to the A-ring oxazolone, is also shifted the 
furthest downfield for mb-OB3b, but only to 9.28 ppm (3).	  
The structure shown in Figure 5 is not, however, a complete structure. The 
calculated exact mass for this structure is 771.243 Da, which is 79.957 Da lighter than the 
experimentally determined mass for mb-SB2 (851.2006 Da). This difference 
immediately suggests two possibilities, a phosphonate group (-HPO3-) or a sulfonate 
group (-SO3-), each of which has a mass of 79.967 or 79.957 Da, respectively. A 
phosphonate group was ruled out on the basis of a 31P NMR experiment (data not 
shown), which demonstrated that mb-SB2 contains no phosphorus atoms. To corroborate 
the presence of a sulfonate group, we turned to X-ray photoelectron spectroscopy (XPS). 
X-ray Photoelectron Spectroscopy Confirms That mb-SB2 Contains a Sulfate 
Group and a Cu(I) Ion in Its Cu-Bound Form. XPS can identify elements in a sample 
based on the kinetic energy of the core electrons that are ejected from a sample upon X-
ray irradiation. It is also sensitive to the oxidation state of an element. XPS spectra were 
recorded for both metalfree and Cu(I)-bound mb-SB2. The Cu2p3/2 peak for Cu(I)- 
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mb-SB2 shows a single peak with a fwhm of 1.91 eV (data not shown). The fwhmis in 
agreement with that observed for the N1s peak and indicates a single state for the copper 
in Cu(I)-mb-SB2. The binding energy for the Cu2p3/2 electron was found to be 931.9 eV, 
in close agreement with the Cu2p3/2 peak reported for Cu(I) chloride (932.5 eV) (16) but 
not for Cu(II) chloride (935 eV). This provides additional evidence that Cu-bound 
mb-SB2 contains a Cu(I) ion.  
Figure 6 shows the region of the XPS spectrum for the S2p electrons. Two 
distinct peaks are observed for both themetal-free and Cu(I)-bound mb-SB2 samples. For 
the metal-free mb-SB2, the S2p3/2 peak with the higher binding energy is found at 169.4 
eV, while for Cu(I)-mb-SB2, it is found at 169.5 eV. Both fit well to a peak with a fwhm 
in the range of 1.9-2.2 eV, indicating a single state for this sulfur. On the basis of the data 
reported for various sulfate compounds in the NIST XPS database (16), a sulfur peak 
with a binding energy in this range is consistent with a highly oxidized sulfur, such as a 
sulfate (167.9-168.7 eV). We therefore assign this peak to a sulfate.  
The sulfur peak with the lower binding energy located at 161.9 eV for Cu(I)-mb-
SB2 can also be fit to a peak with a fwhm in the range of 1.9-2.2 eV (Figure 6B). This 
binding energy is consistent with a more highly reduced state for sulfur, such as thiols, 
disulfides, and thioamides, which have values reported in the NIST tables that range from 
162.1 to 164.1 eV (16). Consequently,we are assigning this peak to the two enethiols 
found in mb-SB2. For themetal-freemb-SB2 (Figure 6A), the fit residuals indicate that 
this peak cannot be reasonably fit to a single state with a fwhm in the range of 1.9-2.2 eV. 
This indicates that for metal-free mb-SB2, the enethiols experience multiple 
environments. We therefore fit this peak to two states. The lower-energy state is 
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positioned at 161.7 eV, while the higher-energy state is positioned at 163.8 eV. The 
binding of Cu(I) bymb-SB2 coalesces these two states into a single state (Figure 6B). A 
similar coalescence upon copper binding has also been observed for mb-OB3b (13) and 
suggests that the enethiol sulfurs in mb-SB2 are directly involved inCu(I) binding, as they 
are formb-OB3b (4). 
Given two enethiol sulfurs along with a single sulfate sulfur, the ratio of the areas 
for the enethiol peak to the sulfate peak is expected to be 2:1; however, the observed ratio 
for the peak areas, for bothmetal-free and Cu-bound mb-SB2, is only 1.4:1. Because 
the intensity of an XPS signal is quite sensitive to the depth from the surface that an atom 
finds itself in the dried sample, a possible explanation for this discrepancy could be that 
the highly charged sulfate positions itself closer to the surface as the mb-SB2 is dried 
down onto the HOPG crystal. On the basis of the two-state fit for the enethiol peak in the 
metal-free mb-SB2 (Figure 6A), it appears this causes one of the two enethiols to be 
pushed farther from the surface. 
Chemically, the most likely location in mb-SB2 for a sulfate group, which is also 
compatible with the NMR-determined structure, is eitherO-sulfonation of the serine side 
chain or the threonine like side chain (designated by X’s in Figure 5). Below we provide 
evidence of the latter. When the sulfate is included, the calculated exact mass for mb-SB2 
is 851.1997 Da, which now agrees within 1 ppm with the experimentally determined 
mass of 851.2006 Da. 
Acid-Catalyzed Hydrolysis of the Oxazolone Rings in Both mb-OB3b and mb-
SB2 Suggests a Peptide Origin for mb-OB3b and mb-SB2 and Helps to Locate the 
Sulfate Group in mb-SB2. A comparison of the acid-catalyzed hydrolysis of mb-OB3b 
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andmb-SB2 reveals some interesting structural features for methanobactins and helps to 
explain the observed fragility of metal-free methanobactins (14, 15). The lactone groups 
of the oxazolone rings in mb-OB3b have previously been shown to be susceptible to 
methanolysis (3). We have also observed that the oxazolones in metal-free 
methanobactins are susceptible to acid-catalyzed hydrolysis. This is shown in Figure 7A, 
where the complete loss of the B-ring inmb-OB3b, as indicated by the loss of absorbance 
at 340 nm, occurs in slightly more than 1 day upon exposure to 1 mMHCl. A similar 
result is obtained with 0.01% (1.7 mM) acetic acid (data not shown). Panels B and C of 
Figure 7 show the results obtained for acidcatalyzed hydrolysis in 10 and 100 mM HCl, 
respectively, and indicate that increasing the concentration of HCl to 100 mM leads to the 
loss of both oxazolone rings in 2.5 days (Figure 7C), as indicated by the loss ofUV-
visible absorption at both 340 and 394 nm. 
The products obtained after hydrolysis ofmetal-freemb-OB3b with 100 mM HCl 
for 15 h were further characterized after isolation by preparative HPLC. When 
preparative HPLC was conducted as described in Materials and Methods, five peak 
fractions were observed. None contained intact mb-OB3b as judged by mass 
spectrometry, while two contained species characteristic of mb-OB3b that had lost either 
one or both of its oxazolone rings. The UV-visible and mass spectra for these two 
fractions are shown in Figure 8 (A-D). The primary component in fraction 1 has an ion at 
m/z 563.13 for a species with a -2 charge (Figure 8B). Assuming it is the [M - 2H+]2- 
species, this corresponds to a neutralmass of 1128.28Da. This is 25.98 Da less than the 
mass of the neutral metal-free mb-OB3b (1154.26 Da). For simple hydrolysis of an 
oxazolone ring, the mass is expected to increase by 18.01Da (+H2O). The observed 
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decrease indicates a loss of 43.99 Da following hydrolysis and suggests the 
R-carboxylic acid group formed by hydrolysis of the oxazolone ring is lost as CO2. 
Scheme 1B shows a proposed structure for metal-free mb-OB3b after hydrolysis and 
decarboxylation of the B-ring, which has a calculated neutralmass that agrees with what 
is observed (1128.28 Da). The formation of a glycine residue as a consequence of the 
decarboxylation has been confirmed by NMR spectroscopy (data not shown). 
Similarly, the primary component found in fraction 2 (Figure 8D) is consistent 
with a mb-OB3b molecule that has lost both its oxazolone rings through hydrolysis and 
decarboxylation. The UV-visible spectrum for this species shows a single peak at 267 
nmand agrees well with that reported for thioamide-containing peptides (17). The ion at 
m/z 550.14 observed for the -2 charged species gives a neutral mass of 1102.30 Da, 
which agrees with the calculated neutral mass for the structure proposed in 
Scheme 1C. The hydrolysis and decarboxylation of both oxazolone rings in mb-OB3b 
convert mb-OB3b into an 11-residue peptide that is modified to contain two thioamide-
containing residues (GlyA-Ψ and GlyB-Ψ) and anN-terminal leucine residue with its Cα 
atom deaminated and oxidized to a ketone (Scheme 1C). 
Similar hydrolysis experiments were conducted with metal-free mb-SB2. Figure 
7D shows the results obtained when mb-SB2 is exposed to 0.1%acetic acid (17 mM) at 
25 ˚C. The oxazolone (B-ring) in mb-SB2 appears to be even more susceptible to 
hydrolysis than the corresponding ring in mb-OB3b, as the hydrolysis appears complete 
after only 200 min, compared to 2 days for mb-OB3b when the hydrolysis was conducted 
in 10mM HCl. The imidazolone (A-ring), on the other hand, appears to be quite resistant 
to hydrolysis; we have found that overnight exposure to HCl at concentrations as high as 
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1 M does not lead to a loss of this ring (data not shown). This stability supports the 
finding that the A-ring in mb-SB2 is not an oxazolone.  
The lower pH that exists during hydrolysis causes a number of changes in the 
UV-visible spectrum for mb-SB2. Figure 7E shows the effect that neutralization has on 
the UV-visible spectrum of the sample after hydrolysis. This spectrum looks quite 
similar to that obtained for mb-OB3b after hydrolysis and decarboxylation of its 
oxazolone B-ring (compare to Figure 8A). 
To further characterize the products of hydrolysis of mb-SB2, a sample ofmb-
SB2was subjected to hydrolysis in 10 mM HCl at room temperature for 7 days. 
Subsequent LC-MS analysis revealed a single major peak fraction. Figure 8E shows the 
UV-visible and mass spectra for the material in the major peak fraction. The mass 
spectrum (Figure 8F) indicates the fraction contains both the -1 and -2 charged species of 
a single component with a neutral mass of 825.22 Da. This agrees with that expected 
after hydrolysis and decarboxylation of the oxazolone ring in mb-SB2. The UV-visible 
spectrum for the hydrolyzed mb-SB2 is nearly identical to that observed for mb-OB3b 
after hydrolysis of its B-ring oxazolone (compare panel E of Figure 8 to panel A). 
The major peak fraction for mb-SB2 after exposure for 7 days to 10 mM HCl was 
isolated by preparative HPLC and analyzed by NMR spectroscopy. The analyses were 
conducted in both D2O and a 90% H2O/10% D2O mixture at 5 ˚C. For comparison, 
a similar analysis was conducted on intact metal-free mb-SB2 in D2O at 5 ˚C. A number 
of NMR experiments were conducted, including 1H-1H TOCSY, 1H-13C HSQC, and 
1H-13C HMBC. The resonance assignments for the hydrolyzed mb-SB2 and intact metal-
free mb-SB2 are listed in Table S2 (Supporting Information). Figure 9 shows an overlay 
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of the 1H-13C HSQC spectra for the hydrolyzed and intact mb-SB2 in D2O. The largest 
chemical shifts occur in the region of the B-ring oxazolone, which is converted to a 
threonine residue with a glycine residue upon hydrolysis and decarboxylation. The Cα 
atom for the newly formed glycine, which is derived from the C4 atom of the oxazolone 
ring, can be clearly seen by the pair of 1H-13C cross-peaks in the 1H-13C HSQC spectrum 
(Figure 9). The OxaB Hα-Cα cross-peak, which becomes the ThrB Hα-Cα cross-peak after 
hydrolysis, shows the largest shift, and the Ala3 Hα-Cα resonance, arising from the Ala3 
residue adjacent to the B-ring oxazolone, also shows a noticeable shift. 
As mentioned earlier, themost likely location for the sulfonate group that is 
consistent with ourNMR analyses ofmb-SB2 is the Oγ atom of either the serine side chain 
or the threonine-like side chain associated with the B-ring oxazolone (designated by X’s 
in Figure 5). We have shown that with the loss of the B-ring oxazolone, the threonine-
like side chain is converted to a true threonine. The 1H assignments for the Hβ protons of 
the serine and the threonine after the loss of the B-ring oxazolone provide evidence that 
the sulfonate group is attached to the threonine side chain and not the serine side chain 
(Table S2 of the Supporting Information). The assignment for the two Hβ protons of the 
Ser2 side chain is 3.91 ppm, while that for the single Hβ proton of the ThrB residue is 4.89 
ppm. Jaeger et al. (18) have determined 1H assignments for hexapeptides in D2O, which 
they synthesized to contain either an O-sulfo-serine or an O-sulfo-threonine. They looked 
at two different examples for each. For serine, the chemical shift of the Hβ protons moves 
downfield from 3.91 to 4.39 ppm upon sulfonation of ARGASG to ARGAS(SO3H)G and 
from 3.96 to 4.41 ppm upon sulfonation of ARGDSG to ARGDS(SO3H)G. For 
threonine, the chemical shift for the Hβ proton moves downfield from 4.39 to 4.87 ppm 
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upon sulfonation of ARGATG to ARGAT(SO3H)G and from 4.37 to 4.90 ppm upon 
sulfonation of ARGDTG to ARGDT(SO3H)G. In light of the findings of Jaeger et al., our 
assignments of 3.91 ppm for the Ser2 Hβ atom and 4.89 ppm for the ThrB Hβ atom 
indicate that the threonine-like side chain of intact mb-SB2 is the site of sulfonation, and 
not the serine. 
As part of our NMR analysis of the hydrolyzed mb-SB2, we also conducted 1H-
13C HMBC experiments that gave us a set of inter-residue correlations that further 
support our proposed structure for the intact and hydrolyzed mb-SB2 molecule. These 
data are summarized in Figure S3 of the Supporting Information. Scheme 2A shows our 
proposed structure for the complete, intact mb-SB2 molecule, which is supported now by 
1H, 13C, and 15N NMR spectroscopy, mass spectrometry, XPS, and chemical hydrolysis 
data. Scheme 2B shows the product obtained after hydrolysis of the B-ring oxazolone. 
Genomic Analysis of the Genome for M. trichosporium OB3b Identifies a Gene 
for the mb-OB3b Precursor Peptide.The hydrolysis results for bothmetal-freemb-OB3b 
and mb-SB2 suggest that these methanobactins are derived from peptides. Given the 
availability of a partially sequenced genome for M. trichosporium OB3b, a search was 
done to see if a gene for a precursor peptide for mb-OB3b could be located. A BLAST 
search with on-the-fly translation of all available nucleotide sequences from M. 
trichosporium OB3b was performed with the peptide sequence LXGSCYPXSCM, 
derived from the chemical structure of the hydrolyzed mb-OB3b (Scheme 1C). The 
X’s indicate the locations of the unknown resides that reside where the glycine residues 
are found in hydrolyzed mb-OB3b. A matching region was found in which both unknown 
X residues were found to be cysteine. The maximum possible open reading frame is 
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eeaMTVKIAQKKVLPVIGRAAALCGSCYPCSCM, where residues shown as lowercase 
letters lie up stream of the first	  allowable start codon. This candidate mb-OB3b precursor 
gene is not identified as a coding region in the database record. This finding of a 
ribosomally produced precursor sequence for OB3b counters the suggestion made by 
others that mb-OB3b is produced nonribosomally (14). 
Searching with the mb-OB3b precursor sequence against all nucleotide sequences 
in NCBI’s nonredundant nucleic acid database identified one hit only, the 31-residue 
sequence MTIKIAKKQTLSVAGRAGACCGSCCAPVGVN from Azospirillum sp. 
B510. This sequence also was not previously annotated as a gene. The relatively high E 
value of the search result, 7.3, is an artifact of the shortness of the two sequences, because 
the level of sequence identity exceeds 50%. The level of sequence identity between the 
two precursors remains high in the leader peptide region that is absent from the mature 
form of mb-OB3b, suggesting a conservedmechanism of interaction with its maturation 
enzymes. 
Examination of the neighboring genes shows that the putative methanobactin 
precursor genes belong to a set of six consecutive (i.e., five additional) genes for which 
the best match in any genome to the M. trichosporium OB3b protein occurs in 
Azospirillum sp. B510. Conversely, Azospirillum sp. B510 is an endophyte isolated from 
cultivated rice plants, where it inhabits the stem without causing disease (19). This α-
Proteobacterium is diazotrophic (nitrogen-fixing) when free-living and appears to 
enhance both the growth rate and disease resistance in its plant host. The six loci in 
Azospirillum sp. B510 are AZL_007920, AZL_007930, the overlooked methanobactin 
precursor gene, AZL_007940, AZL_007950, and AZL_007960. For protein 
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AZL_007930 from Azospirillum sp. B510, for instance, the best database match 
occurs in M. trichosporium OB3b and has anE value of 2_10-74. No species other than 
M. trichosporium OB3b is represented among the top hits to more than two of these six 
genes. Furthermore, we were unable to identify additional homologues to the mb-OB3b 
precursor or the Azospirillum mb precursor in any other species. It appears, therefore, that 
this particular class of methanobactin, defined by conservation of both the precursor 
sequence and possible maturation enzymes, is relatively uncommon. Methanobactin 
biosynthesis systems are therefore likely to be quite diverse. 
One of the conserved methanobactin precursor cluster genes (MettrDRAFT_3897 
and its homologue AZL_007960) belongs to the multidrug and toxic compound extrusion 
(MATE) family (20) and is likely to participate in a transport process. Another member 
(MettrDRAFT_3900,AZL_007930) is a diheme enzyme related to CorB found in the 
methanotroph Methylomicrobium album BG8 (21), which is a copper-responsive 
homologue of bacterial diheme cytochrome c peroxidases, such as the surfaceassociated 
diheme cytochrome c peroxidase isolated from the methanotroph Methylococcus 
capsulatutus Bath (22). AZL_007930	  and CorB are also homologous of MauG 
(methylamine utilization G), an enzyme that performs a tryptophan tryptophylquinone 
modification to themethylamine dehydrogenase small subunit (23). The adjacent gene 
(MettrDRAFT_3899, AZL_007920) appears to combine with the diheme enzyme to form 
a two-gene unit, as there are several additional species (e.g., Myxococcus xanthus) with 
tandem gene pairs closely related to AZL_007920 and AZL_007930. The two remaining 
genes in the region are AZL_007940 (split into two ORFs in Methylosinus), a member 
of the uncharacterized domain family DUF692, and Mettr-DRAFT_3896/AZL_007950, 
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an uncharacterized protein with additional homologues only in the genus Pseudomonas. 
It is not clear at present which, if any, of the proteins in the cluster may act directly in 
methanobactin biosynthesis, cleavage, and transport and which might have other roles in 
copper metabolism. 
 
 
Discussion 
 
Copper ions, while essential for all living cells, also present challenges. In their 
free form, Cu(II) ions catalyze Fenton-type reactions that produce destructive reactive 
oxygen species (ROS) (24). Living systems have therefore devised an array of strategies 
for acquiring and trafficking copper ions in ways that meet their copper requirements 
while at the same time protecting them from their damaging effects (25). Methanobactins 
are known to be important agents used by methanotrophic bacteria to acquire copper (1). 
With the chemical characterization of mb-SB2, there are now two defined methanobactin 
structures. Comparing these structures has allowed us to define the core features that they 
share and to appreciate the possible range of structures that can accommodate these core 
features. Functionally, both mb-OB3b and mb-SB2 bind Cu(II) ions with high affinities 
and reduce them to Cu(I) (ref 13 and unpublished results of N. L. Bandow et al.). In 
addition, both methanobactins stabilize Cu(I) in an aqueous environment against 
disproportionation. In this report, we demonstrated that metal-free mb-OB3b and mb-SB2 
are fragile molecules that readily degrade under mildly acidic conditions. However, once	  
bound with Cu(I), both Cu(I)-mb-OB3b and Cu(I)-mb-SB2 are remarkably stable 
molecules. 
A comparison of the two structures reveals that copper binding involves two five-
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member heterocyclic rings (see Figures 1 and 5). For mb-OB3b, both rings are  
oxazolones, and for mb-SB2, we find that the A-ring is instead an imidazolone. The 
imidazolone ring appears to provide the same required elements for effective Cu(I) 
binding as the oxazolone ring but is chemicallymore stable. For both mb-OB3b and mb-
SB2, each ring is associated with an enethiol at the 4 position (Figures 1 and 5). For both 
molecules, the two enethiols contribute one sulfur atom each to the ligation of the Cu(I) 
ion. The crystal structure for mb-OB3b (4) shows that the N3 atoms from each of the 
rings combine with the two enethiol sulfurs to forma distorted tetrahedral binding site for 
the Cu(I) ion. A crystal structure for mb-SB2 has not yet been determined; 
however,NMRevidence supports the formation of a similar binding site in mb-SB2. 
Figure 10A shows the interresidue, dipolar couplings that are observed in a 1H-1H 
ROESY experiment. There are strong dipolar couplings between the protons of the 
arginine-like side chain (4-guanidinobutanoyl group in Figure 5) that is associated with 
the A-ring imidazolone, and the Hγ protons of the threonine-like side chain (1-amino-2- 
hydroxypropyl group in Figure 5) that is associated with the B-ring oxazolone. This 
indicates that the Cu(I)-mb-SB2 molecule is folded over into a hairpinlike structure that 
brings the two ring systems into the proximity of each other, presumably to bind the 
Cu(I) ion. Also, the 1H spectrum for Cu(I)-mb-SB2 shows almost identical triplet-of-
doublet splitting for each of the Hβ atoms of the arginine-like side chain (Figure 10B). 
This splitting pattern indicates that this side chain is held very rigidly in the 
Cu(I)-mb-SB2 complex in an extended conformation that leads to equivalent sets of 2J 
and 3J couplings for the twoHβ atoms. In addition, the narrowing of the enethiol peak in 
the S2p XPS spectrum upon Cu(I) binding (Figure 6) supports the involvement of the 
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enethiol sulfurs in the formation of the copper binding site in mb-SB2. 
A continuing mystery involving the interaction of methanobactins with Cu(II) is 
the source of the electron used to reduce the Cu(II) to Cu(I).With the exception of the 
loss of one proton per Cu(I) ion bound, the chemical composition of the methanobactin 
component of Cu(I)-mb-OB3b (3), and now Cu(I)-mb-SB2, appears to be unaltered by 
the reduction of Cu(II) to Cu(I). We have not identified the source of this electron, but 
there are several possibilities. The most obvious would be the thioamide/enethiol groups 
found in both mb-OB3b and mb-SB2. By analogy, thiourea has been shown to be an 
effective reductant of Cu(II) (26) and a ligand for Cu(I) complexes (27). However, 
the reduction is expected to produce a pair of disulfide-linked thiourea molecules as a 
product of a two-electron oxidation. This mechanism suggests that two populations of 
methanobactin should arise upon exposure to Cu(II), one that is responsible for reducing 
Cu(II) to Cu(I) and the other that binds and stabilizes Cu(I). However, we have so far 
seen no direct evidence supporting the formation of “sacrificial” methanobactin 
molecules containing newly formed disulfide bonds by LC-MS, NMR, or HPLC with 
UV-visible DAD detection. Some have suggested that the source of the electrons may be 
the sulfhydryl groups of the two cysteine residues found in mb-OB3b (28). 
However, this scenario predictswe should observemetal-freemb-OB3b molecules 
containing reduced cysteine sulfhydryl groups; however, we find that the disulfide is 
present, both in Cu(I)-mb-OB3b and in metal-free mb-OB3b, prior to the addition of 
Cu(II). Also, the absence of cysteine residues in mb-SB2 eliminates these amino acids as 
a possible electron source, at least for mb-SB2.Aless likely option remains to be 
considered. Some type 1 copper sites in proteins, e.g., ceruloplasmin, are known to have 
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extraordinarily high reduction potentials (>1.0 V) (29, 30). Such a high-potential site 
might be able to oxidize water, which has a reduction potential of ∼0.8 V. Cu(I) prefers a 
tetrahedral ligand arrangement, while Cu(II) prefers a square planar, octahedral, or 
linear ligand arrangement. Forcing a Cu(II) ion into tetrahedral binding environment 
upon binding to methanobactins may give it a reduction potential much higher than 
expected. Given the remarkably high stability constant for the initial binding of 
Cu(II) by mb-OB3b (≈1034, ΔG_ ≈ -194 kJ/mol) (13), there is certainly free energy 
available to force such a distortion. The main experimental argument against this 
hypothesis is that we might expect to see hydroxyl radicals, peroxide, or even oxygen 
resulting from H2O oxidation, and we so far have no evidence of the production of any of 
these products. Additional experiments conducted under completely dry conditions in 
DMSO, THF, or acetonitrile may help to answer this question. 
The hydrolysis results obtained for both mb-OB3b and mb-SB2 demonstrate that 
hydrolysis targets the core regions that are involved in Cu(I) binding. The hydrolysis 
results also illustrate howUV-visible absorption can be used tomonitor the state of the 
key contributors to these core regions. In addition to the absorbances at around 340 and 
394 nm, which monitor the two heterocyclic rings, the UV-visible spectrum shows a 
single peak at 267 nm when both rings are removed from mb-OB3b (Figure 8C). This 
peak agrees with what others have reported for peptides containing thioamides (17); 
therefore, we assign this peak to the thioamide groups that form upon hydrolysis and 
decarboxylation of the oxazolone rings.mb-OB3b also contains a tyrosine residue, which 
has a phenolic group that will contribute to the absorbance at ∼274 nm; however, the 
molar extinction coefficient for this group (1400M-1) is approximately one-sixth 
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of that for the thioamide in this wavelength region (9000 M-1) (17, 31), so with two 
thioamide groups, the thioamide absorbance is expected to predominate. The UV-visible 
spectrum after only one of the two rings is removed from mb-OB3b shows an additional 
peak at 298 nm (Figure 8A), which can now beassigned to the remaining enethiol group. 
The UV-visible	  spectrum for mb-SB2 after removal of its single oxazolone ring 
(Figure 8E) looks nearly identical to that formb-OB3b (compare to Figure 8A). Given the 
differences in structure between the two methanobactins, this again illustrates that UV-
visible absorption conveniently monitors the state of the core features that are involved in 
Cu(I) binding, viz., the heterocyclic A- and B-rings along with their associated enethiols. 
Aside fromthe core features that mb-OB3b and mb-SB2 share that are directly 
involved in Cu(I) binding, there are marked differences in the remaining portions of their 
chemical structures. Though both appear to be derived from a peptide, the choice of 
amino acids is quite different. In a previous report, we proposed that mb-OB3b is 
biosynthesized from an 11-residue peptide (3). Here we show that mb-OB3b can be 
converted back into an 11-residue peptide that contains only three minor modifications 
when compared to a standard peptide: the inclusion of two thioamides and the 
substitution of an R-oxo group for the N-terminal R-amino group: R-oxo-Leu-Gly-ψ-
Gly-Ser-Cys-Tyr-Pro-Gly-ψ-Ser-Cys-Met-OH. 
In the precursor peptide, the glycines are presumably substituted with amino acids 
having reactive side chains that can serve as starting points on a pathways leading to the 
formation of the oxazolone rings. Previously, we proposed serines (3); however, 
through analysis of the genomic data that are available for M. trichosporium OB3b, we 
now know that mb-OB3b is synthesized from a peptide precursor that places cysteines at 
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these locations, LCGSCYPCSCM. With this sequence in hand, we now have both the 
starting and ending points for the pathway leading to the biosynthesis of mb-O3b3 
(Scheme 3). Post-translational modifications of cysteines are known to form thiazole 
rings from ribosomally produced precursors of the thiopeptide antibiotics (32-34). 
Oxazolones would require a different set of posttranslational modification; however, an 
appealing aspect for the involvement of a cysteine is that it could serve as the source for 
the sulfur used to make the adjacent thioamide. If the sulfur leaves by β-elimination as a 
sulfide, this could convert the cysteine to a dehydroalanine (35, 36). Adding water across 
the double bond in the dehydroalanine could then lead to a serine that could go on to 
form an oxazolone by one of the pathways described previously (3). While this is still 
speculation, it is hoped that further analyses of the genes in the cluster associated with the 
mb-OB3b precursor may shed light on the detailed steps involved in the pathway. 
Given the similarities in the copper-binding regions for mb-OB3b and mb-SB2, it 
is reasonable to propose that mb-SB2 is also synthesized in a similar way from a 
precursor peptide that has the following sequence:H2N-Arg-Cys-Ala-Ser-Thr-Cys-Ala- 
Ala-OH 
The formation of the imidazolone from the Arg-Cys dipeptide in mb-SB2 might 
involve a variation on the theme just described for oxazolone formation, where ammonia, 
instead of water, adds across the double bond in the proposed dehydroalanine and that 
this then proceeds to form the imidazolone in a manner homologous to that proposed for 
oxazolone formation. A possible source of the ammonia could be the deamination of the 
adjacent N-terminal R-amino group. 
Though capable of forming a similar copper-binding core, the proposed mb-SB2 
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precursor sequence is significantly different from that for mb-OB3b and predicts that the 
primary structures for methanobactin precursor peptides may be quite diverse among 
methanotrophs. The sequence for the mb-SB2 precursor is substantially shorter, eight 
residues instead of 11, and replaces some of the potentially reactive amino acid side 
chains found in mb-OB3b (Cys, Tyr, andMet), with fairly nonreactive ones (Ala 
residues). Unlike mb-OB3b, mb-SB2 lacks an intramolecular disulfide bond. In mb-
OB3b, the disulfide bond produces a 20-member ring (Figure 1). This ring should 
substantially reduce the conformational space for the mb-OB3b molecule and thereby 
increase the favorable negative free energy change for copper binding. mb-SB2 lacks a 
disulfide, but it has fewer intervening	  residues between the two rings, which will also 
reduce its conformational space. It also has the sulfate group, which as we have shown is 
most likely attached to the threonine-like side chain of the intact molecule (Scheme 2A). 
This sulfate is expected to be situated near the tight turn that will be needed to bring the 
two halves of the binding site together and thereby may stabilize this turn by providing a 
number of hydrogen-bonding acceptor sites. Among the growing list of unusual structural 
features displayed by the methanobactins, the O-sulfothreonine for mb-SB2 should now 
be added. O-Sulfonation of serines and threonines in proteins and peptides has only rarely 
been observed in Nature. A small number of examples have been observed in eukaryotic 
systems (37), but mb-SB2 may represent the first example of a prokaryotic protein or 
peptide containing an O-sulfothreonine. 
Finally, recent work has shown that two γ-Proteobacteria methanotrophs, Me. 
capsulatus Bath and Met. album BG8, also produce methanobactins, but preliminary 
structural characterization of these methanobactins shows them to be different from 
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the two that have now been characterized for α-Proteobacteria methanotrophs (8). 
Furthermore, these methanobactins have substantially lower affinities for copper than 
mb-OB3b, as demonstrated by the ability of metal-free mb-OB3b to remove Cu(I) from 
the methanobactins produced by both γ-Proteobacterial methanotrophs. The acid labile 
nature of the methanobactins that we have characterized for M. trichosporium OB3b and 
Methylocystis strain SB2 could make these organisms poorly adapted to acquiring copper 
in acidic environments. It may be that the structural and chemical diversity of 
methanobactins made by methanotrophs helps to define the structural differences 
in the composition of methanotrophic communities in situ (1). 
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Figure 1.  Chemical structure of mb-OB3b (3). The two oxazolone rings are labeled 
OxaA and OxaB. 
 
Figure 2.  UV-visible absorption spectra of mb-SB2 as isolated (black trace) and 
following additions of CuSO4. The labeled trace for metal-free mb-OB3b is included for 
comparison. The labels on the right give the molar ratio of Cu(II) added per mb-SB2. 
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Figure 3. (A) LC-MS elution profile for Cu(I)-mb-SB2 after exposure to 0.5 Cu(II) per 
mb-SB2. (B) Mass spectrum of the peak fraction, which is indicated by the arrow in 
panel A. The inset shows the isotope pattern for the peak at m/z 455.555. 
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Figure 4. (A) 1H spectrum of Cu(I)-mb-SB2 in a 90%H2O/10%D2O mixture at 5 ˚C. (B) 
15N spectrumof 15N-enriched Cu(I)-mb-SB2 in a 
90% H2O/10%D2O mixture at 5 ˚C. 
 
Figure 5. Proposed primary structure formb-SB2 based on theNMR analyses.The 
correlations observed in the 2Dcorrelation experiments that led to this structure can be 
found in Figure S2 of the Supporting Information. The A-ring imidazolone is labeled as 
ImiA, while the B-ring oxazolone is labeled as OxaB. On the basis of mass, this is not the 
complete structure. 
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Figure 6. XPS spectra for (A) metal-free mb-SB2 and (B) Cu-(I)-mb-SB2. The states 
were fit to pairs of peaks to account for spin-orbital splitting; the solid fit curves are for 
the S2p3/2 electrons, while the dashed fit curves are for the S2p1/2 electrons. 
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Figure 7. (A-C) UV-visible monitoring of the hydrolysis of the oxazolone rings in metal-
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free mb-OB3b at 25 ˚C. The experiments were conducted in (A) 1, (B) 10, and (C) 100 
mM HCl. (D) UV-visible monitoring of the hydrolysis of the oxazolone ring in 
metal-free mb-SB2 in 0.1%(17mM) acetic acid at 25 ˚C. (E) Effect of neutralization on 
the UV-visible spectrum of mb-SB2 after hydrolysis in 0.1% acetic acid for 200 min. For 
panels A-D, the overlaid spectra progress fromred (initial time point) to blue (final time 
point). For panels A-C, the peak at 340 nm corresponds to the oxazolone B-ring in mb-
OB3b while that at 394 nm corresponds to the oxazolone A-ring. For panels D and E, the 
peak at 338 nm corresponds to the oxazolone B-ring in mb-SB2 while that at 389 nm 
corresponds to the imidazoloneA-ring. The insets in panels A-D follow the kinetics 
in the absorbance changes for the two rings. 
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Figure 8. (A and C) UV-visible spectra for two of the fractions obtained after exposure 
of mb-OB3b to 100 mM HCl for 15 h at 25 ˚C and (B and D) corresponding mass spectra 
for the same two fractions. (E) UV-visible spectrum for the major fraction obtained after 
exposure of mb-SB2 to 10 mM HCl for 7 days at 25 ˚C and (F) corresponding mass 
spectrum. 
 
  
202 
 
Figure 9. Overlay of the 1H-13C HSQC spectra before (gray) and after (black) the 
hydrolysis and decarboxylation of the oxazolone ring from SB2. Spectra were recorded in 
D2O at 5 ˚C. 
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Figure 10. (A) Inter-residue dipolar couplings observed in 1H-1H ROESY experiments 
conducted on Cu(I)-mb-SB2 in both D2O and a 90% H2O/10% D2O mixture at 25 ˚C. (B) 
Region of the 1H spectrum for Cu(I)-mb-SB2 in a 90% H2O/10% D2O mixture at 
25 ˚C showing the triplet-of-doublet splitting for both of the Hβ atoms of the arginine-like 
side chain (4-guanidinobutanoyl group), which is associated with the A-ring imidazolone. 
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Scheme 1.  Primary Structure of mb-OB3b after Hydrolysis and Decarboxylation of the 
B-Ring Oxazolone (A to B) and Hydrolysis and Decarboxylation of Both Oxazolones (B 
to C)a 
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Scheme 2.  (A) Complete Primary Structure of mb-SB2 and (B) Product of Hydrolysis of 
the Oxazolone B-Ring in mb-SB2 
 
 
Scheme 3.  Proposed Pathway for the Biosynthesis of mb-OB3b 
